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ABSTRACT 
A promis ing  naviga t ion  concept  for  the  V/STOL a i r c r a f t  i s  t o  make 
a hybrid system comprising a  low c o s t  i n e r t i a l  n a v i g a t i o n  system which 
is updated by  a r a d i o  n a v i g a t i o n  a i d .  T h i s  r e p o r t  g i v e s  a sho r t  des -  
c r i p t i o n  o f  s u i t a b l e  en  route  and terminal  radio navaids  which are  
a v a i l a b l e  o r  may be ava i lab le  dur ing  the  next  decade .  A s t a t i s t i c a l  
model f o r  t h e  VOR/DME e r r o r s  i s  de r ived  toge the r  w i t h  o ther  in format ion  
r equ i r ed  by  a Kalman f i l t e r  approach  to  es t imate  the  hybr id  naviga t ion  
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V/STOL - V e r t i c a l / S h o r t   T a k e   O f f  and L a n d i n g  
1. INTRODUCTION 
The navigation  problem  encountered by the  V/STOL  aircraft  can  be 
broken  into  three  parts: en route  navigation,  terminal  area  naviga- 
tion,  and  approach  and  landing. The requirements  for  the  en  route 
navigation  will not differ  significantly  from  those  for  the  CTOL  air- 
craft. In the  terminal  area V/STOL aircraft  may  be  required  to  fol- 
low  certain  curved  flight  paths  to  reduce  noise  and  to  keep  clear  of 
CTOL  airways. 
A  high  degree  of  accuracy  will  be  necessary  to  provide  closely 
spaced  tracks in high  density  terminal  areas.  For  the  final  approach 
and  landing  phase  all  weather  capability  is  desired.  No  single  navi- 
gation  aid  exists  today  which  can  fulfill  all  these  requirements.  One 
promising  approach  to  the  problem  is  to  use  already  developed  radio 
navigation  systems  combined  with  inertial  navigation  systems,  applying 
statistical  filtering  techniques  to  minimize  the  errors. 
Many  books  and  reports  are  available  giving  a  detailed  descri,ption 
of  how  the  most  common  radio  navaids  function  (See  references [l], 
[2] , [ 3 ]  , [ 4 ]  , [ 5 ]  , [41]). Thus  these  descriptions  will  not  be 
repeated  here.  Only  working  principles  which  are  necessary  in  order 
to  describe  certain  error  sources  will  be  mentioned. The same  naviga- 
tion  system can probably  be  used  for  the en route  phase  and  the  ter- 
minal  phdse.  Low  visibility  landing  requires  a  special  precision  nav- 
aid  which  most  likely  cannot  be  used  during  the  en  route  and  terminal 
area  flight.  This  report  will  cover  only  the  en  route  and  terminal 
phase  and  give  a  survey of systems  which  most  likely  will  be  available 
and suitable  for  use  with  an I.N.S. for V/STOL  navigation. A  more  de- 
tailed  description of performance  and  a  statistical  error  model  for  the 
only  generally  available  continental  navigation  system,  the  VOR/DME 
system,  is  given. 
2. SURVEY  OF  EN  ROUTE  AND  TERMINAL  AREA  NAVAIDS  SUITABLE  FOR  V/STOL 
APPLICATION 
Some of the  best'known  radio  navigation  systems  designed  for  short 
to  medium  range  navigation  are  listed  in  Table 2.1. Many  other  systems 
have  been  proposed  such as: 
Land,  Litton Theta-The a 
Halop,  Hastings-Raydist  Hyperbolic 
Radio  Mesh, French  Hyperbolic 
Satellites 
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They  are  not  treated  here,  either  because  of  lack  of  data r because no 
production  models  exist.  None of these  systems  seem  to  offer  a  signi- 
ficant  advantage  over the systems in Table 2.1 A  number  of  systems, 
often  with  a  high  degree  of  accuracy,  have  also  been  left out because 
they are designed  only for  one  or a few simultaneous  users.  None  of 
these  systems  have  been  recommended  by  the  air  traffic  authorities  or 
by international  navigation  committees. 
Radio  navaids  which  could  be  suitable  for V/STOL have  been  discus.- 
sed in the  open  literature. In references [6] and [7] it  is  stated  that 
the  V/STOL  requires  high  flexibility  in  the  terminal  area  and  low  in- 
strument  landing  minima.  This  requires  that  the  navigation  system  give 
volumetric  coverage  down  to  the  earth's  surface,  free  of  shadows  caused 
by intervening  buildings  and  high  ground. In order  to  reduce  the  noise 
and  to  avoid  the  CTOL  airways,  curved  paths will be  required. In the 
high-density  terminal  areas  parallel  lanes  closer  than 5,000 ft. have 
been  proposed.  These  requirements  may  be  fulfilled by Decca  or  Loran 
C/D. The insurmountable  limitation  of  the  VOR/DME  system  in  the  termi- 
nal  area  is  its  line  of  sight  characteristics  which  restrict  its  low 
altitude  coverage. Its ability  to  provide  the  required  accuracy in the 
high-density  areas  when  used  without  any  optimal  data  processing  has 
also  been  questioned.  Reference [lo] suggests that  proper  use  of  exis- 
ting  VORTAC  facilities  will  give  accuracies on the  order  of iO.3 n.m. 
in  certain  metropolitan  areas.  Where  reflections  preclude  the  use  of 
VHF systems,  Loran  C  could  provide  good  navigational  accuracy  in  the 
terminal  areas.  A  study  made  at  the  University  of  Ohio 181 of  low  al- 
titude  flights  (below 300 ft.) concludes  that no existing  system  pro- 
vides  for  satisfactory  safe,  low-altitude-  instrument  flights. 
The VOR/DME  system  is  the  only  short  range  navigation  system 
which  has  nationwide  coverage.  Reference [9] claims  that no fore- 
seeable  system  can  replace  VOR/DME  from  a  practical  and  an  economical 
point  of  view for the  remainder of the  twentieth  century.  The F.A.A. 
is  now  introducing  area  navigation [ll] by authorizing  the  use  of  air- 
ways  which do not  overfly  the  VOR/DME  stations  but  where  VOR/DME  sig- 
nals can  be used for  primary  navigation.  This  increases  the  VOR/DME 
system's  capability  to  serve  as  an  adequate  en  route  navigation  aid 
for V/STOL  in  the  next  decade. The present  coverage  of  Decca  and 
4 
Loran C i s  ve ry  l imi t ed .  The re  are no d e f i n i t e  p l a n s  f o r  f u l l  i m p l e -  
mentat ion of  these systems in  the U.S. to  g ive  na t ionwide  coverage  or 
t o  g i v e  c o v e r a g e  i n  a l l  the h igh-dens i ty   t e rmina l  areas. This  would 
i n d i c a t e  t h a t  V/STOL ope ra t ions  wou ld  be  fo rced  to  r e ly  upon VOR/DME 
for  en  route  and  te rmina l  naviga t ion .  
U n t i l  now only  l imi ted  exper ience  has  been  ga ined  wi th  naviga-  
t i on  sys t ems  fo r  V/STOL. New York Airways has  operated hel icopter  
r o u t e s  i n  t h e  N e w  York area f o r  some years .  S ince  . the  opera t ing  al-  
t i tude  has  been  about  1 , 0 0 0  f e e t ,  below l ine-of-s ight ,  the VOR s i g n a l s  
a r e  u s e l e s s  d u e  t o  r e f l e c t i o n s .  Thus the  use  of  Decca was au tho r i zed  
f o r  u s e  as a primary navigation system 1121 wi th  the  fo l lowing  res- 
t r i c t i o n s  upon minimum c e i l i n g  and v i s i b i l i t y :  4 0 0  f t . - 1  m i l e ,  500 f t .  
- 3 / 4  mile,  o r  600  f t . -1 /2  mile. 
E a s t e r n  A i r l i n e s  u s e d  f o r  t h e i r  STOL t e s t  program the Decca om- 
ni t rac   computer   wi th  a moving map d i s p l a y .  The computer  could  pro- 
cess naviga t ion  s igna ls  f rom VOR/DME, Loran C o r  Decca ( a l s o  c a l l e d  
Harco for  Hyperbol ic  A r e a  Coverage) [ 1 3 ] .  
American Air l ines  i s  now conducting a STOL t e s t  program [14]. 
They are t e s t ing  the  fo l lowing  t e rmina l  and  en  rou te  nav iga t ion  sys -  
t e m s  : 
- Vector Analog Computer with inputs  f rom VOR/DME. 
- Decca Omnitrac=  System  which  takes  inputs  from 
VOR/DME, Loran C ,  Doppler,or Decca. 
- Lit ton Systems LTN-51 I . N . S .  w i th  ve r t i ca l  nav iga -  
t i o n .  VOR/DME used for  updat ing 1.N.S. 
O t h e r  a i r l i n e s  h a v e  a l s o  t e s t e d  area navigation systems where in- 
puts  have  been VOR/DME, Decca,  Doppler,  or I.N.S. This   b r i e f   su rvey  
g ives  an  ind ica t ion  of  nava ids  which  w i l l  p l a y  a s i g n i f i c a n t  r o l e  i n  
the  en  route  and  te rmina l  area nav iga t ion  of V/STOL i n  t h e  n e a r  f u t u r e .  
Pub l i shed  r epor t s  show tha t  t he  nav iga t ion  accu racy  us ing  ex i s t -  
i ng  r ad io  nava ids  can  be  subs t an t i a l ly  improved  us ing  hybr id  sys t ems  
a n d   o p t i m a l   f i l t e r i n g   t e c h n i q u e s .   I n   r e f e r e n c e   [ 1 5 ]  a s imula t ion  i s  
performed showing that a s u b s t a n t i a l  r e d u c t i o n  i n  bhe p o s i t i o n  f i x  er- 
ror  can  be  obta ined  by u s i n g  t h e  e x i s t i n g  VOR/DME system. By r ece iv -  
i ng  s igna l s  f rom two  VORTAC s t a t ions  s imul t aneous ly ,  a maximum l i k e l i -  
hood estimate o f  t h e  p o s i t i o n  is performed.  For a favorable   choice  
of VORTAC s t a t i o n s ,  a c c u r a c y  is  p r imar i ly  g iven  by the  accuracy  of  the  
DME s igna l .   Reference   [16]   g ives   imula t ion   resu l t s   f rom a hybr id  
system using DR (Dead Reckoning)  together  with radio navaids  such as 
5 
ADF, VOR/DME, and  Loran C. Both I . N . S . ,  Doppler  and airdata  DR were 
used. The r e s u l t s  i n d i c a t e d  t h a t  t h e  c o m b i n a t i o n  o f  ADF-DR g i v e s  ac- 
c u r a c i e s  as good as r a w  VOR/DME data .   Reference .   [17]   g ives   an  
analysis  of  an opt imal  implementat ion of  VOR/DME informat ion  wi th  
I .N.S.  data.  The r e s u l t s  o b t a i n e d  i n d i c a t e  a f a c t o r  o f  4 t o  5 improve- 
ment  of  posi t ion accuracy,  a "c l ean ing  up" of  VOR s i g n a l s  w i t h o u t  i n -  
t roducing  unacceptab le  lag ,  and  a f i l t e r i n g  of beam bands which i s  a 
r e a l  p a r t  o f  t h e  ATC a i rway  s t ruc tu re .  B u t l e r  Nat iona l  Corpora t ion  
[ 1 8 ]  has  in t roduced  geomet r i c  f i l t e r ing  o f  t he  VOR s i g n a l s  by us ing  in -  
format ion  about  the  maximum angu la r  ve loc i ty  of t h e  a i r c r a f t  a b o u t  t h e  
VOR s t a t i o n  a t  a s p e c i f i c  d i s t a n c e  t o  s i g n i f i c a n t l y  r e d u c e  t h e  p o s i t i o n  
e r r o r s .  Methods for  improving  Loran  accuracy  and  coverage, demon- 
s t r a t e d  i n  [ 1 9 ]  and  cons is t ing  of  a sof tware remechanizat ion of t h e  re- 
ce iver ,  can  provide  a pass ive  c losed- loop ,  one-way d i r e c t  r a n g e  m e s -  
urement t o  t h e  i n d i v i d u a l  L o r a n  s t a t i o n s .  
The combination of 1.N.S.-Doppler for V/STOL navigat ion has  been 
given little a t t e n t i o n  i n  t h e  r e c e n t  l i t e r a t u r e .  A l t h o u g h  D o p p l e r  aug- 
mented  I.N.S.  systems w i l l  give improved performance, t h e  system w i l l  
g ive  a g rowing  pos i t i on  e r ro r  w i th  time, r e s u l t i n g  i n  t h e  l a r g e s t  i n -  
a c c u r a c i e s  e n t e r i n g  t h e  t e r m i n a l  area where the. accuracy requirement 
i s  of most  importance.  Improving  1.N.S.-Doppler  performance t o  re- 
f l e c t  t e r m i n a l  area requi rements  tends  to  be  more expensive  than us- 
i ng  ava i l ab le  pos i t i on  upda te s  f rom rad io  nava ids .  Many mi l i t a ry  p ro -  
jects  and some commercial a i r c r a f t  u s e  o r  are scheduled to  use Doppler-  
I . N . S .  [ 2 1 ] .  Also,  Doppler-1.N.S.-Loran C/D have  been  proposed. I t  is 
more l i ke ly  tha t  Dopp le r - r ada r  w i l l  compete wi th  I .N .S .  fo r  con t inen ta l  
V/STOL f l i g h t s  as a dead reckoning system with posi t ion updates  f rom 
radio  navaids .   For   example,   the  F.A.A. h a s   g i v e n   a u t h o r i z a t i o n   t o  
TWA to  use  pure  Doppler  radar  naviga t ion  as a pr imary en route  navaid 
i n  t h e  U . S .  [ 2 0 ] .  The combination ADF-I.N.S. i s  n o t   e x p e c t e d   t o  re- 
s u l t  i n  a sa t i s f ac to ry  sys t em because  o f  l a rge  angu la r  e r ro r s  l ong  
d i s t ances  f rom the  s t a t ion .  
In  conc lus ion ,  it i s  r ea l i s t i c  t o  assume t h a t  t h e  o n l y  g e n e r a l  
ava i l ab le  en  rou te  and  t e rmina l  r ad io  nav iga t ion  fo r  V/STOL f o r  t h e  
next   decade w i l l  be   t he  VOR/DME (VORTAC) systern.  Limited  coverage  of 
Loran C/D and Decca i s  a l so  expec ted .  The ATC Advisory  Committee w i l l  
soon release a r e p o r t  on t r a f f i c  c o n t r o l  s y s t e m s  a d e q u a t e  f o r  t h e  
1980's  and  beyond. They recommend a prompt  improvement  of t h e  VORTAC 
s y s t e m  t o  meet t h e  demand €or  h ighe r  capac i ty  (The s a t u r a t i o n  o f  t h e  
DME is a major  problem).  This  system is  t h e n  p r e d i c t e d  t o  h a n d l e  t r a f -  
f i c  l o a d s  p r o j e c t e d  f o r  t h e  1 9 9 5  p e r i o d  [ 2 2 ] .  Implementation  of t i m e  
f requency techniques similar t o  t h e  CAS has been proposed as a 
" 
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rep lacement  for  the  VORTAC system, but  it is  e,xpected t o  b e  more than 
15  o r  20  yea r s  be fo re  th i s  sys t em w i l l  be  in  se rv i ce ,  a s suming  tha t  t he  
system were agreed upon  and  funded  today.  This  enormous t i m e  l ag   in -  
volved in implementing a new system with nationwide coverage emphasizes 
t h e  importance of the  phrase  " in  opera t iona l  use"  when choosing a nav- 
a id  fo r  t he  nex t  decade .  Thus the  most  l ike ly  rad io  nava ids  which  can  
b e  i n t e g r a t e d  w i t h  I . N .  S. fo r  en  rou te  and  t e rmina l  a r ea  nav iga t ion  
a r e  : 
- VOR/DME 
- Decca 
- Loran C/D 
The performance of the VOR/DME s y s t e m  w i l l  b e  t r e a t e d  i n  d e t a i l  i n  
t he  nex t  chap te r .  
3. THE VOR/DME SYSTEM ~-
The VOR/DME s y s t e m  i n  t h e  U . S .  makes u s e  of colocated VOR and 
TACAN t r a n s m i t t e r s .  C i v i l  a v i a t i o n  u s e s  t h e  VOR and  the DME p a r t s  of 
t h e  TACAN s t a t i o n  w h i l e  t h e  bearing information from TACAN i s  f o r  m i l i -  
t a ry   users   on ly .   This   combina t ion  is  r e f e r r e d  t o  a s  a VORTAC s t a -  
t i o n .  
I n  t h e  l i t e r a t u r e ,  a v a r i e t y  of d i f f e r e n t  VOR sys tems a re  des -  
c r i b e d .  They can  be  summarized a s   i n  [ 2 3 ] :  
VO R Conventional VOR. I n  gene ra l   u se   i n   t he  U.S. 
DVOR(SSB) Doppler VOR w i t h  s i ng le  s ideband  t r ans -  
mission.  This i s  i n  g e n e r a l   u s e   i n  t h e  
U . S .  and ,   for  some r e c e i v e r s ,  f u l l y  compat- 
i b l e  w i t h  VOR. 
DVOR(DSB) , DVOR(ASB) Doppler VOR wi th   doub le   r e spec t ive   a l t e rna t -  
ing sideband. Proposed to r e d u c e  e r r o r s  i n  
low c o s t  VOR r e c e i v e r s .  
PVOR-PDVOR 
PDVOR (H) , PDVOR (M) 
VOR and DVOR where  increased  prec is ion  i s  
ob ta ined  by va r ious  means; f o r  i n s t a n c e ,  by 
use of F M  modula t ion  ins tead  of  AM modula- 
t i o n .  
The f i r s t  u s e s  a n  a d d i t i o n a l  F M  carrier; 
the second u s e s  mu l t i l obe  t echn iques  to  
increase  accuracy .  
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I n  t h i s  r e p o r t  o n l y  t h e  VOR and DVOR(SSB) system w i l l  b e  t r e a t e d  
because they are in  genera l  use  and  the . fu ture  use  of  the  o ther  sys tems 
is unce r t a in .  The A i r l i n e s  Electr ical  Engineer ing Committee  recom- 
mended i n  1966  t h a t  o n l y  VOR and DVOR should be used and that  poor  per-  
forming VOR sites should  be  rep laced  by DVOR, which i s  less dependent 
upon t h e   t e r r a i n .  Two speed  systems  uch as PDVOR(M) and VOR systems 
w i t h  s p e c i a l  FM subcar r ie r  sys tems were n o t  recommended because a s i m i -  
l a r  accuracy improvement could be obtained by improving the VOR re- 
ce iver  des ign  and  by more accura te  ad jus tments  of  the  s tandard  VOR and 
DVOR s t a t i o n s  . 
3.1  VOR/DME Navigation 
3.1.1 The VOR/DME Coverage 
The range of  the VOR t ransmi t te r  depends  upon a i r c r a f t  a l t i -  
tude  and  the class of VOR. The l i n e  o f  s i g h t  c h a r a c t e r i s t i c s  o f  t h e  
YOR (=115MH,) and DME s i g n a l  ( = l G I I Z )  , makes the  coverage  depend upon 
a l t i t u d e ,  see Figure 3.1, [ 1 2 ] .  (The reg ion   wi th  5wV s i g n a l   s t r e n g t h  
impl i e s  a b a r e l y  r e c e i v a b l e  s i g n a l . )  An approximate formula for  the 
range  as  a f u n c t i o n  o f  a l t i t u d e  is:  
R[n.m.] = 1 . 2 7 h m  
Because of  the large number of VOR s t a t i o n s ,  some w i l l  be  t rans-  
mi t t i ng  on  the  same frequency,  and especial ly  a t  h i g h  a l t i t u d e s ,  i n t e r -  
fe rence   can   take   p lace .  The fol lowing minimum requirements   for   cover-  
age  have  been  a l loca ted  for  the  three  VOR c a t e g o r i e s  [241 :  
Category  Frequency  Protected Volume 
11 - h i g h  a l t i t u d e ,  18 ,000  t o  45 ,000  f t  130 n.m. r a d i u s  to 45,000 f t  
100 n.m. r a d i u s   t o  45,000 f t  
L - low a l t i t u d e ,  18,000 f t  40 n.m. r a d i u s   t o  1 8 , 0 0 0  f t  
T - t e rmina l  25 n.m. r a d i u s   t o  1 2 , 0 0 0  f t  
The F l i g h t  I n s p e c t i o n  Handbook [ 2 5 ]  s t a t e s  t h a t  t h e  minimum range 
should  be  grea te r  than  4 0  miles a t  1 , 0 0 0  f e e t  above antenna ox t e r r a i n  
f o r  H and L category VOR s t a t i o n s  and a minimum of 2 5  miles f o r  t h e  
T category.  
The VOR/DME sys t em g ives  fu l l  cove rage  in  the  con t inen ta l  U.S. a t  
m o s t  c r u i s i n g  a l t i t u d e s .  Above 2 0 , 0 0 0  f e e t ,  t h e  250 H category VORTAC 
f a c i l i t i e s  a l s o  g i v e  a l m o s t  f u l l  c o v e r a g e .  Above t h e  VORTAC s t a t i o n  
a 
Distance - slalds miles 
F I G ,  3 , l  TYPICAL COVERAGE DIAGRAM FOR A COMMON TYPE O F . W R  INSTALLATION 
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t h e r e  i s  a cone of confusion where the v e r t i c a l  p o l a r i z a t i o n  r e s u l t s  i n  
unusable   s ignals .   This   cone  should be less than  45O, b u t  i n ' m o s t  cases 
it is closer t o  30°. 
3 . 1 . 2  'The Use o f  t he  VOR/DM€- I n fo -qa t i . 0~  
The informat ion  rece ived  from a VORTAC s t a t i o n  i s  t h e  
b e a r i n g  r e f e r r e d  t o  m a g n e t i c  n o r t h  a n d  t h e  s l a n t  r a n g e  t o  t h e  s t a t i o n .  
This  i s  of ten   denoted  as  the t a   and   rho ,   r e spec t ive ly .  The use of t h i s  
in format ion  can  be  ca tegor ized  as  fol lows:  
a )  Theta - rad ia l s  % Gives only a l i n e  o f  p o s i t i o n  
b)  Theta - t h e t a  The bea r ing  t o  t w o  VOR S t a t i o n s  
a re  measured   s imul taneous ly .   This   ra ther  cumbersome t r i a n g u l a t i o n  w a s  
used  before   the  widespread  implementat ion of DME. Because  of  the ex- 
t ens ive  computa t ion  involved  and  the  poor  accuracy  obta ined ,  th i s  
method w i l l  n o t  be g i v e n  f u r t h e r  c o n s i d e r a t i o n .  
c) Rho - t h e t a  2. Using VOR/DME s i g n a l s  from on ly  
o n e  s t a t i o n ,  a p o s i t i o n  f i x  r e l a t i v e  t o  t h a t  s t a t i o n  i s  obtained with-  
out  any  computation.  This i s  t h e  s i m p l e s t  way o f   u s ing   t he  VOR/DME 
system and the method used by the commercial a i r l i n e s  t o d a y .  
d )  M u l t i p l e  r h o  % Because the range determined is  
much more a c c u r a t e  t h a n  t h e  b e a r i n g  a t  some d i s t a n c e  from t h e  VORTAC 
s t a t i o n ,  v a r i o u s  m u l t i p l e  r h o  s y s t e m s  have been proposed: 
Rho-rho % The range information from t w o  VORTAC 
s t a t i o n s  w i l l  give ambigui ty  in  t h e  p o s i t i o n  f i x  which can be resolved 
by us ing   the   bear ing  t o  one   of   the  VORTAC s t a t i o n s .  One concept re- 
f e r r e d  t o  as "cross r ange  pos i t i on  de te rmina t ion"  has  been  s imula t ed  
i n  [15]. Here one   r ece ive r   de t e rmines  a p o s i t i o n   f i x   u s i n g  a VOR- 
TAC s t a t i o n  i n  t h e  f l i g h t  d i r e c t i o n ,  w h i l e  a second s e t  tuned t o  an  
"off airway" VORTAC s t a t ion  de te rmines  ano the r  f ix  wh ich ,  by  use  of a 
maximum l i k e l i h o o d  f i l t e r ,  e n a b l e s  c o m p u t a t i o n  af t h e  b e s t  p o s i t i o n  es- 
timate. I t  i s  f u r t h e r  c l a i m e d  t h a t  by using  only  H-category VORTAC 
s t a t i o n s ,  almost complete  coverage is o b t a i n e d .  i n  t h e  U.S. when cross- 
i n g  a n g l e s  from 60"  t o  120 '  a r e  employed. 
Rho-rho-rho % Here three  s imul taneous  DME s i g -  
n a l s  are used t o  determine a f i x .  T h i s  method  can give a very   accura te  
f i x ,  b u t  it r e s u l t s  i n  f r e q u e n t  s w i t c h i n g  b e t w e e n  VORTAC s t a t i o n s .  The 
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cove rage ,  e spec ia l ly  a t  low a l t i t u d e s ,  w i l l  a l s o  i n  e f f e c t  b e  r e d u c e d ,  
a range  l imi ta t ion  de te rmined  by the  mos t  d i s t an t  VORTAC s t a t i o n .  
Another  problem which can develop in  the high t raff ic  densi ty  areas, i f  
mul t ip le  rho  sys tems become common, is t h e  p o s s i b i l i t y  of s a t u r a t i o n  
o f  t h e  DME t r a n s m i t t e r s .  The weakes t  i n t e r roga t ion  w i l l  then be 
d i s r ega rded .  
3.1.3 The Airways 
Under  IFR c o n d i t i o n s  a n  a i r c r a f t  i s  n o t  a l l o w e d  t o  f l y  
an  a rb i t ra ry  pa th  be tween take-of f  and  des t ina t ion  but  ha6  to  fo l low 
airways  def ined by t h e  F.A.A. These  airways are now pr imar i ly   based  
on r a d i a l s  t o  and  from VORTAC s t a t i o n s .  The d e s i r e  t o  f l y  
s t r a i g h t  l i n e s  b e t w e e n  a i r p o r t s  t o g e t h e r  w i t h  t h e  c o n g e s t i o n  a l o n g  TH 
more t rave led   a i rways   and   te rmina l  areas has   l ed   t o   t he   deve lopmen t  
of area navigat ion  equipment .  The F.A.A. has  now followed up with a 
proposa l   o f   spec ia l   a rea   naviga t ion  (FWAV) airways ill]. The suggested 
t o t a l  e r r o r s ,  w h i c h  i n c l u d e  e r r o r s  i n  RNAV equipment ,   a i rborne VOR/DME 
equipment, VORTAC g round  s t a t ion ,  and  p i lo t  imprec i s ion ,  a r e :  
Less than  51  n.m. from VORTAC s t a t i o n :  T o t a l   e r r o r  less than 4 n.m. 
A t  25  n.m. from VORTAC s t a t i o n : .  T o t a l   e r r o r  less than 2 n.m. 
A t  1 0  n.m. from VORTAC s t a t i o n :  T o t a l  e r r o r  less than 0.85 n.m. 
To r e d u c e  t h e  e f f e c t  o f  s l a n t - r a n g e  e r r o r ,  t h e  F.A.A. has  pro- 
posed  tha t  a t  1 8 , 0 0 0  f e e t  a l t i t u d e  t h e  c e n t e r l i n e  of t h e  RNAV r o u t e  
shou ld  no t  be  c lose r  t han  8 n.m. from the VORTAC s t a t i o n ,  and a t  18,000 
t o  45,000 f e e t ,  no  c loser   than  15 n.m. The ex tens ion   of   the   a i rway 
s t r u c t u r e  w i t h  t h e  RNAV airways for  en route  and terminal  area naviga- 
t i on  ( f ina l  approach  a l so  p roposed)  , i nc reases  the  use fu lness  o f  the 
VOR/DME sys tem for  V/STOL a i r c r a f t .  
3.2 Some " Control  Parameters of t h e  VOR/DME System 
3 . 2 . 1  Data R a t e  
The bear ing  informat ion  i s  ob ta ined  by  measu r ing  the  r e l a t ive  
phase between two 30 H z  s inewaves ,  y ie ld ing  a continuous measurement of 
b e a r i n g  t o  t h e  VOR s t a t i o n .  
The range is  found by  measur ing  the  round t r ip  t rave l  time 
of  a p u l s e  f r o m  a i r c r a f t  t o  g r o u n d  s t a t i o n  a n d  r e t u r n .  The d a t a  ra te  
f o r  t h e  DME system is 15  pu l se  pa i r s  pe r  s econd  co r re spond ing  to  a 
sampling ra te  o f  t h e  s l a n t  d i s t a n c e  t o  t h e  VORTAC s t a t i o n  o f  1 5  times 
per second. 
The t i m e  r e q u i r e d  f o r  a n  i n i t i a l  VOR f i x  i s  determined by 
t h e  t i m e  it t a k e s  t o  t u n e  i n  a new VOR s t a t i o n ,  t h e  r e s p o n s e  t i m e ,  p l u s  
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a poss ib l e   de l ay   due  t o  a ho ld ing  mechanism.  Reference  [5] claims 
t y p i c a l  times of 2 minu tes   no t   i nc lud ing   t un ing   fo r  the VOR. This  
figure,   however,  w i l l  depend upon r ece ive r   des ign .  The i n i t i a l  DME 
f i x  t i m e  is about  3 sec. 
3.2.2 Maneuver Induced E f f e c t s  
When o r b i t i n g  a VOR s t a t i o n  i n  t h e  same d i r e c t i o n  as 
the  ro t a t ing  an tenna ,  t he  f r equency  o f  t he  s igna l  from t h e  r o t a t i n g  
antenna  changes  from 30Hz t o  (30-V/2ltR)HZ, where V i s  t h e  a i r c ra f t  
ve loc i ty  and  R is t h e  d i s t a n c e  t o  t h e  s t a t i o n .  F l y i n g  a t  300 k t  one 
n.m. f rom  the VOR s t a t i o n  g i v e s  a f requency   sh i f t   o f   0 .013  H z .  Using 
an O B I  se rvo  to  measure  the  changing  bear ing ,  the  phase  of  the  re- 
ce ived  r e fe rence  30HZ s i g n a l  w i l l  be  changed  such  tha t  the  phase  d i f -  
fe rence  be tween the  sh i f ted  re ference  and  the  s igna l  f rom the  ro ta t ing  
antenna i s  zero,  i . e . ,  ref - A s i n  ( 2 1 ~ 3 0 t  i: $)  = A s in   (21~30  f V / R ) t ,  
s i n c e  8 = t ,  where 0 is  the   i n s t an taneous  VOR b e a r i n g .   E r r o r s  w i l l  
t h e r e f o r e  n o t  b e  c r e a t e d  as long as the bandwidth of the receiver and 
t h e  s e r v o  i s  s u f f i c i e n t .  
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T r a v e l i n g  a l o n g  t h e  r a d i a l s  t h e  D o p p l e r  e f f e c t  w i l l  
g i v e  i d e n t i c a l  f r e q u e n c y  s h i f t  o n  b o t h  r e f e r e n c e  a n d  s i g n a l  a n d  t h e r e -  
f o r e  no phase   e r rors   deve lop .  The f r e q u e n c y   s h i f t   f o r   t h i s   f l i g h t  
pa th  i s  n e g l i g i b l e .  
The t r a n s i t  t i m e  o f  the  DME p u l s e s  a t  maximum d i s t a n c e  
is about 2 msec, co r re spond ing  to  a t r a v e l e d  d i s t a n c e  o f  1 f t  a t  300 
k t  a i r c r a f t  s p e e d ,  i . e . ,  a n e g l i g i b l e  e f f e c t .  The maximum t r a v e l e d  
distance between each sample a t  300 k t  i s  3 4  f t ,  which is  a t  l eas t  
one order of magnitude less than  ra ted  accuracy .  
3 .2 .3  Transfer  Funct ion of  the Instruments  
Most VOR rece ivers  today  have  an  in te rva l  RC f i l t e r   t o  
reduce  the  effects   of   scal loping  and  roughness   of   the   course.  The 
t i m e  c o n s t a n t  o f  t h i s  f i l t e r  c o u l d  b e  on the  o rde r  o f  a few seconds.  
I n  a new d i g i t a l  VOR r ece ive r  [26 ] ,  two phase-lock loops have been used 
having a second  o rde r  t r ans fe r  func t ion  wi th  a na tura l  f requency  chosen  
e q u a l  t o  0 . 3  H Z  and a r e l a t i v e  damping  of 1 which  gives   adequate  damp- 
ing  of  e r roneous  informat ion .  This  rece iver  type  w i l l  be  used  by  the 
F.A.A. to  check  ground s ta t ions .  
The p r e s e n t  VOR and DME rece ivers  do  not  possess  band-  
wid th  l imi ta t ions  which  w i l l  deg rade  an  ex te rna l  optimum f i l t e r .  
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3.2.4 Some VOR/DME  Features 
A "To-From'' indicator on the  VOR  display  simplifies  the 
navigation  procedure for the pilot. When  the OBS (the  desired  VOR  radial 
selected  by  the  pilot)  agrees  (within  t90")  with  the  measured VOR radial, 
the  indication is "From. 'I When the indicator  shows "TO," the  phase  dif- 
ference  between  VOR  bearing  and  selected  heading  is 180' (290'). When 
the  pilot  flies  over  the VOR station on a  manually  selected  heading,  the 
indicator  flips  from "TO" to "From. I' 
The edge of  the  cone  of  confusion  above  the  VOR  station,  where  the 
VOR  signal  becomes  unusable, can be  found by  sensing  the  rate  of change 
of the VOR signal. A heading  memory  mode  of  operation  can  then  be  ini- 
tiated. 
When  signal  loss  occurs  because  of  station  malfunction  or  at  long 
ranges, a  warning  indicator  is  activated  and the  CDI output  goes  to  zero. 
3.3 Desription  of  VOR  Errors 
3.3.1 System  Errors 
Some  of  the  most  important VOR system  errors can  be 
categorized as follows: 
- Calibration  errors 
- Station  errors 
- Site and  terrain  effects 
- Propagation  errors 
- Receiver  processing  errors 
These  errors  result  partly  from  current  practice  and  regulations, 
nonideal  equipment  and  inherent  limitations of  the VOR system.  Be- 
cause  the  largest  errors  are  caused by  the  currently  used  airborne 
equipment [27],  [28],  1291, a  quantitative  description of the  errors 
are  difficult.  Greatly  improved  airborne  equipment  has  been  demon- 
strated, so the  total  error  experienced  can  improve  considerably.  This 
development  is  also  expected  to  have  an  influence on the  station  calibra- 
tion  regulations. 
To  get a  background  for  the  numbers  given  later,  a  short  descrip- 
tion  of the above  mentioned  error  sources  will  be  given: 
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a) System  Cal ibrat ion 
S t a t i o n   s p e c i f i c a t i o n :  as s p e c i f i e d   i n   t h e   F l i g h t   I n s p e c -  
t i o n  Manual [ 2 5 1 ,  t h e  a l i g n m e n t  o f  t h e  r a d i a l s ,  e a c h  i d e n t i f i e d  by i ts  
nominal  magnet ic  bear ing from the s ta t ion,  should be w i t h i n  2.5'  of 
t he  co r rec t  magne t i c  bea r ing ,  measu red  ou t  t o  a maximum of 40 miles 
f r o m  t h e  s t a t i o n .  N o r m a l  p r a c t i c e  i s  t o  a d j u s t  t h e  r a d i a l s  s u c h  t h a t  
t h i s  e r r o r  i s  less than 1' (lo) [ 3 0 1 .  The mean error of the  network 
of VOR s t a t i o n s  i s  e s s e n t i a l l y  z e r o .  A +l.Oo s t a t i o n  s h i f t  i s  t y p i -  
ca l ly  a l lowed .  
Rece ive r   spec i f i ca t ions :   Pa r t   91 .25   o f   Fede ra l  A i r  Regula- 
t i o n s  s p e c i f i e s  t h e  a i r b o r n e  r e c e i v e r  d u r i n g  a f l i g h t  t e s t  t o  b e  w i t h i n  
6 O  of  a geographic  re ference ,  wi th in  4 '  i n  a ground check, while a 
bench  check  should  give  an  error  less than  3.0'.  Reference 1 3 0 1  
claims t h a t  0.6' ( l a )  under  opera t ing  condi t ions  is a more r e a l i s t i c  
e r r o r   v a l u e .  ICAO,  Annex 1 0  [ 2 ]   s p e c i f i e s  a maximum of  22'  e r r o r  i n  
the  a i rborne  equipment .  
b )   S t a t i o n   E r r o r s  
P o l a r i z a t i o n  e f f e c t :  t h i s  i s  caused   by   the   rad ia t ion   of  un- 
d e s i r e d  v e r t i c a l  p o l a r i z e d  s i g n a l s  a n d  c a n  g i v e  e r r o r s  d u r i n g  a i r c r a f t  
banking.   Reference  [25]   specif ies  less than  2 O  a t  30' bank  angle. 
Reference  frequency:  since 60HZ power l i n e   f r e q u e n c y  is 
used as  a r e f e r e n c e  f o r  t h e  VOR s t a t i o n ,  s i g n i f i c a n t  f r e q u e n c y  v a r i a -  
t ions   have   been   no t iced .   S tep   changes   can   occur ,   espec ia l ly  when 
switching from main  power t o  a u x i l i a r y  power takes p l a c e  [ 2 9 ] .  
Non idea l   t r ansmi t t e r s   and   an tenna   des ign :   t he   t r ansmi t t e r s  
are tQ some exten t  dependent  upon l ine  vol tage  changes  and  tempera ture  
changes . Step  changes  can  be  xperienced when t h e   t r a n s m i s s i o n  i s  
swi tched   f rom  one   t ransmi t te r   to   another .  Of some importance is t h e  
r o t a t i n g  30Hz p a r a s i t i c  p a t t e r n  which cannot be removed  by t h e  re- 
c e i v e r .  
c) S i t e  and T e r r a i n   E f f e c t s  
The r e f l ec t ion  caused  by f i x e d  o b s t a b l e s  i n  t h e  VOR coverage 
reg ion   can   cause   devia t ion  of the beam. These   devia t ions  are normally 
ca t egor i zed  as fol lows:  
Bends :   s low,   f lyable   excurs ions  of t he   i dea l   cou r se .   Re fe r -  
ence  [25]  spec i f ies  tha t  they  should  not  exceed  3.5'  of t h e  c o r r e c t  
course.  
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Roughness:   rapid,   i r regular ,   non-f lyable   excursions  of   the  
course which have to  be averaged out .  
Scal loping:   rhythmic,   non-f lyable   excursions  of   the   course.  
Reference  [25]  says  tha t  the  devia t ion  caused  by the combination of 
roughness  and scal loping must  be less than  3' f rom the average course.  
The maximum momentary displacement  which can be tolerated i s  6.5O. 
The Ai r l ines  E lec t ron ic  Eng inee r ing  Committee claimed i n  1 9 6 6  t h a t  
i n  most cases the  course  per turba t ions  have  an  a lmost  zero  mean va lpe  
and t h a t  t r u e  c o u r s e  s h i f t s  are rare. 
The course per turbat ions can vary from VOR s t a t i o n  t o  VOR s t a t i o n  
and a l s o  d i f f e r  f rom one  sec tor  to  another .  The  most d i f f i c u l t  sites 
have now been equipped with DVOR which i s  much less s e n s i t i v e  t o  s i te  
l o c a t i o n  a n d  r e f l e c t i o n s  f r o m  t h e  t e r r a i n .  
d )   Propagat ion   Er rors  
VHF r e c e p t i o n  i s  a f f ec t ed  ve ry  l i t t l e  by ionospher ic  and  a t -  
mospher ic   condi t ions .   This   should   enable   day ,   n ight ,   a l l   weather ,  
s ta t ic - f ree   bear ing   measurements .  The s t a b i l i t y  o f  t h e  VOR r a d i a l s  
has  been  s tud ied  ex tens ive ly  a t  Ohio University [271, [281 , 1291 , using 
f ixed   pos i t i on   r ece ive r s .   The i r   f i nd ings   can   be   summar ized  as fol lows:  
- prec ip i t a t ion  has  p robab ly  no d e l e t e r i o u s  e f f e c t  on VOR 
accuracy. A rea l i s t ic  bound f o r  t h e  w o r s t  m e t e r o l o g i c a l  model appears 
t o  be  abou t  0 . 2 O .  A maximum of 0.2' o f f s e t  f o r  a p p r o x i m a t e l y  10-15 
minutes has been noted. 
R e f l e c t i o n  f r o m  o t h e r  a i r c r a f t .  A i r c r a f t  p a s s i n g  n e a r  a 
VOR s t a t i o n  c a n  g i v e  r ise  to  an  impu l se - l ike  cour se  de f l ec t ion  as l a r g e  
as lo a t  a n  a i r c r a f t  i n  a f a r  f i e l d  l i n e  o f  s i g h t  p o s i t i o n .  Below t h e  
l i n e  o f  s i g h t  t o  t h e  VOR s t a t i o n ,  e r r o r s  up t o  3 O  have been measured. 
(The ac tua l  magni tudes  of  the  e r rors  depend upon t h e  r e c e i v e r  u s e d ) .  
The magnitude and number of impulses w a s  a d i r e c t  f u n c t i o n  o f  t h e  r a t i o  
o f  t h e  m a g n i t u d e  o f  t h e  r e f l e c t e d  s i g n a l  t o  t h a t  r e c e i v e d  by direct!  
t ransmission.  Most d e f l e c t i o n s  l a s t e d  f o r  less than 3 seconds,  although 
dura t ions   o f  20 seconds were experienced. Up t o  40 impulses on a 
s ing le  day  were r e p o r t e d  f o r  t h a t  p a r t i c u l a r  VOR s t a t i o n .  The e f f e c t  
o f  r e f l e c t i o n s  f r o m  a i r c r a f t  is  . expec ted  to  be  r educed  fo r  DVOR sta- 
t i o n s .  
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e) Rece ive r   P rocess ing   E r ro r s  
In  the  above  men t ioned  s t ab i l i t y  s tudy  1271,  1281 , [ 2 9 ]  , it 
w a s  f o u n d  t h a t  t h e  major c o n t r i b u t i o n  t o  t h e  to ta l  VOR error is due t o  
inadequa te   r ece ive r   p rocess ing .  Some o f   t h e   f i n d i n g s  were: 
- S e n s i t i v i t y  t o  s i g n a l  s t r e n g t h  v a r i a t i o n s .  T h i s  i s  of   s ig-  
n i f i c a n c e  a t  very low s i g n a l  l e v e l s  o n l y .  The r e s u l t i n g  e r r o r s  h a v e  
the  shape  o f  sho r t -pe r iod  va r i a t ions  ( 0 . 0 1  H Z  found on one recording),  
o r  d i u r a l  d r i f t .  T h i s  s e n s i t i v i t y  c o u l d , c a u s e  a n  e r r o r  up t o  lo,  de- 
pending upon t h e  r e c e i v e r  u s e d .  
- S e n s i t i v i t y  t o  low frequency amplitude, modulation caused by 
mul t ipa th .   Spur ious   s igna ls   caused  by r e f l e c t i o n s  f r o m   o t h e r   a i r c r a f t  
c o u l d  i n  o n e  " q u a l i t y "  r e c e i v e r  g i v e  rise t o  a n  e r r o r  5 times as l a r g e  
as i n  a similar rece iver  f rom another  company. 
- Noise   l eve l  a t  low s igna l   s t rength .   This   rece iver -produced  
noise   could   be  up t o  0.5O peak t o  peak i n  o n e  r e c e i v e r  w h i l e  b a r e l y  
r e c o g n i z a b l e  i n  a n o t h e r .  
- Nonl inea r  r ece ive r  e l emen t s  can  in t roduce  d i s to r t ion  in  the  
d e t e c t i o n  p r o c e s s  s u c h  t h a t  t h e  de tec tor  sys tem does  not  g ive  the  cor -  
rect  average value when exposed t o  roughness  and scal loping.  
* Interchannel  modulat ion which can also be reduced by proper  
r ece ive r   des ign  [31]. By use  of a s p l i t  c h a n n e l  r e c e i v e r ,  t h i s  e f f e c t  
w a s  reduced and the s c a l l o p i n g  e r r o r s  were thereby reduced by a f a c t o r  
of  4-10 .  
From t h e   d i s c u s s i o n  of t h e   p o i n t s  a) t o  f) i t  i s  clear t h a t   t h e  
i n h e r e n t  c a p a b i l i t y  o f  t h e  VOR system i s  on ly  l imi t ed  by the propaga- 
t i o n   e r r o r s  which are found  to   be  0.2O (3a )  us ing   idea l   equipment .  I t  
i s  e x p e c t e d  t h a t  t h e  VOR s ta t ion  equipment  w i l l  improve graduai ly ,  but  
a s ignif icant  performance improvement  of  the network as a whole  for  the  
next  decade is no t  ve ry  l i ke ly ,  a l though  the  wors t  sites probably w i l l  
be  improved  or  replaced by DVOR. The a i rborne  equipment  for  V/STOL, 
with  highly  improved  performance is o r  w i l l  soon   be   ava i lab le .  Most 
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3.3.2 Measurements Taken on t h e  E x i s t i n g  VOR System 
Most measurements have been performed by flying radials 
o u t  t o  a b o u t  40 miles from the VOR s t a t i o n  o r  by o r b i t i n g  t h e  s t a t i o n  
a t  5 ,  20 ,or  4 0  miles r a d i u s .  
A l a r g e  amount of  measurements  have  been made and t h e  
p u b l i s h e d   r e s u l t s  [ 2 ] ,  [32] ,   [33]   normal ly   spec i fy   the   e r rors   as  maxi- 
m u m  e r r o r s ,  95%  probabi l i ty   o f   occur rence ,   o r   as  r . m . s .  e r r o r s .  Any 
computations  of  the PSD f u n c t i o n s   f o r   t h e   e r r o r s   r e g i s t e r e d   d u r i n g  
these  measurement series have  not  been  performed. I t  i s  somewhat d i f -  
f i c u l t  t o  e v a l u a t e  t h e  o l d e r  r e s u l t s  b e c a u s e  t h e  many r ece ive r  de -  
f i c i enc ie s   found   r ecen t ly   [29 ]   cou ld   be   t he   cause   o f  some of t h e  er- 
rors   found.  Some of   the  more i n t e r e s t i n g  r e s u l t s  f o u n d  i n  t h e  l i tera-  
t u r e  a r e  l i s t e d  below. 
From r e f e r e n c e  [ 2 ]  : 
- 6 ,355  obse rva t ions  in  1955 of o v e r a l l  VOR sys tem er rors  gave  
1 . 6 " ,  l a .  
196 s t a t ions  measu red  in  1960 r evea led  0.76O, l a .  
- Large  numbers of tests i n  1 9 6 0  w i th  qua l i t y  r ece ive r s  gave  0. io,  
lo. 
Reference [33]  reports  a s t a n d a r d  d e v i a t i o n ,  i n c l u d i n g  t h e  p i l o t  
e r ro r s ,  found  b y  m e a s u r i n g  a i r c r a f t  p o s i t i o n  a l o n g  c e r t a i n  a i r w a y s  t o  
be 3.3",  with a mean va lue  of  1 . 6 O ,  l a .  
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Reference [32] m e a s u r e d  t h e  s t a b i l i t y  o f  t h e  VOR s t a t i o n s  d u r i n g  
a two-year   in te rva l .  The discrepancies   found were g e n e r a l l y  less than 
0.2O, with a max imum of 0.5O f o r  some r a d i a l s .  
Many r e fe rences  quo te  numbers varying  from lo,  l a ,  t o  1.7O, l a  
f o r  t h e  o v e r a l l  s y s t e m  e r r o r s .  
An i n q u i r y  t o  t h e  F . A . A . .  r e c e n t l y  r e s u l t e d  i n  t h e  f o l l o w i n g  num- 
b e r s  : 
- Ground s t a t i o n   e r r o r :  0.90, l a  
- A i r b o r n e   r e c e i v e r   e r r o r :  l.Oo, l a  
Measurements made on DVOR s t a t i o n s  i n d i c a t e  smaller e r r o r s ,  from 
0.3O-O.7O maximum. 
T h e s e  r e s u l t s  are typ ica l  examples  o f  e r ro r s  quo ted  in  the  l i t e ra -  
t u r e .  I n t e r e s t i n g  resul ts  are expec ted  to  be  r evea led  by t h e  F.A.A.  as 
a r e s u l t  of a t es t  program where high qual i ty ,  special ly  designed equip-  
ment [ 2 6 ]  is  used to  measure the accuracy of  the VOR/DME system. 
3.4 VOR Stat is t ics  
A s t a t i s t i ca l  d e s c r i p t i o n  o f  t h e  VOR system based on t h e  d a t a  
found' i n  t h e  l i t e r a t u r e  c a n n o t  b e  t o o  d e t a i l e d  o r  a c c u r a t e .  When look- 
i n g  a t  t h e  d a t a  r e c e i v e d  from  one s t a t i o n  o n l y ,  it should be possible  
t o   s p l i t   t h e  VOR b e a r i n g  e r r o r  up i n t o  a mean value and a random vary- 
i n g  component f i t t e d  t o  a lowpass  f i l t e red  whi te  no ise  model .  Some of 
t h e  known f e a t u r e s  of t h e  VOR sys t em canno t  be  inc luded  in  the  s t a t i s -  
t ics  but  can hopeful ly  be used in  a p r a c t i c a l  d a t a  p r o c e s s o r .  
The parameters of the model are expected to  depend upon whether 
t h e  a i r c r a f t  f l i e s  a l o n g  t h e  VOR r a d i a l  o r  i s  c r o s s i n g  t h e  r a d i a l s ,  as 
would  be common when using area n a v i g a t i o n  e q u i p m e n t .  E r r o r  d a t a  f o r  
t h e  l a t te r  case  can  be  ob ta ined  f rom o rb i t a l  f l i gh t  r eco rd ings .  
I t  i s  assumed t h a t  t h e  a n g u l a r  e r r o r s  are independent  of  the dis-  
tance from the VOR s t a t i o n .  No dependency  has  been  observed by inspec-  
t i o n  o f  a v a i l a b l e  r e c o r d i n g s  o r  h a s  b e e n  d i s c u s s e d  i n  t h e  l i t e r a t u r e  
e x c e p t  € o r  f l i g h t s  b e l o w  t h e  l i n e  o f  s i g h t  cr a t  extreme dis tances  f rom 
t h e  s t a t i o n  w h e r e  t h e  s i g n a l  s t r e n g t h  i s  very l o b .  (See  sec t ion  3.3.1, 
items d and e ) ,  and f o r  h i g h  a l t i t u d e  o p e r a t i o n s  w h e r e  i n t e r f e r e n c e  
can occur.  
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3.4.1 The Mean Value of the Angular  Errors  
a )  The VOR Network 
The mean va lue  of  the  angular  e r rors  of  the  VOR ne t -  
work as a whole is zero.  
b )  The Receiver 
The rece iver  can  have  a b ias  caused  by c a l i b r a t i o n  
inaccuracy .  In  a le t ter  from  the  But ler   Nat ional   Corporat ion it is  
s t a t e d  t h a t  a p r o p e r l y  c a l i b r a t e d  a i r l i n e  r e c e i v e r  c a n  b e  t r i m m e d  t o  
a n  o f f s e t  less than 0.25'. This  requirement is much lower  than  tha t  
r e q u i r e d  by r egu la t ions   (Sec t ion   3 .3 .1 ,   po in t  a ) .  Assuming t h a t   h i g h  
q u a l i t y ,  r e g u l a r l y  c a l i b r a t e d  r e c e i v e r s  w i l l  b e  r e q u i r e d  f o r  V/STOL 
area nav iga t ion ,  a rea l i s t ic  assumption is: 
c) The mean value of  a VOR r a d i a l  e r r o r  m u s t  be less than 
2 .5 ' , (3 .3 .1a) .   In   the   above   ment ioned  le t te r  from  Butler ,  VOR s t a -  
t i ons   hav ing   a l ignmen t   e r ro r s  as l a r g e  as 1' were found. I t  i s  ex- 
pec ted  tha t  t he  s t a t ion  misa l ignmen t s  w i l l  be reduced due to improved 
measurement  instrumentation now a v a i l a b l e .  The r e p o r t e d  s t a b i l i t y  o f  
t h e  VOR s t a t ions  (Sec t ion  3 .3 .2 )  is good,  and  an alarm i s  a c t i v a t e d  
when a 1' s h i f t  o c c u r s .  A probable  mean v a l u e  v a l i d  f o r  t h e  VOR r a d i -  
a l s  i s  then: 
d )  VOR S t a t i o n  ~ Alignment Error Determined from an O r -  
b i t a l  F l i g h t  
The mean va lue  of  the  angular  e r rors  ob ta ined  by ob- 
b i t i n g  a VOR s t a t i o n  i s  expec ted  to  be  smaller than that  found from 
f l y i n g  r a d i a l s  s i n c e  t h e  d e v i a t i o n s  o f  t h e  r a d i a l s  c a u s e d  by r e f l e c -  
t i o n s  are l i k e l y  t o  g i v e  p o s i t i v e  as w e l l  as n e g a t i v e  c o n t r i b u t i o n s  
when going  around  the VOR. On t h e   o t h e r   h a n d ,   t h e   s p e c i f i c a t i o n s  
g i v e n  f o r  t h e  VOR s t a t i o n  c o u l d  a l l o w  a maximum 2.5' t u rn  o f  the en- 
t ire s t a t i o n .  I n  a n  a c t u a l  f l i g h t  o n l y  a p a r t  o f  a n  o r b i t  w i l l  b e  
f lown ,  such  tha t  bends  in  one  sec to r  cou ld  g ive  rise t o  a mean value.  
E r ro r s  w i th  pe r iods  up t o  360' can  be  seen  on some o r b i t a l  p l o t s .  I t  
i s  probably not  worth while  to  dis t inguish between the mean value ex- 
p e c t e d  f o r  r a d i a l  f l i g h t s  and f l i g h t s  a l o n g  p a r t s  o f  a n  o r b i t  so  t h a t  
t h e  mean va lue  sugges ted  is: 
E [YSTor1 - E [YSTral = BST = 0.7', 10 (3.4) 
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3 . 4 . 2  The Standard  Devia t ion  of  the  Random Angular Error i n  
the  S igna l  f rom a VOR S t a t i o n  
The s t a n d a r d  d e v i a t i o n  o f  t h e  random pe r tu rba t ions  o f  
t h e  VOR r a d i a l s  i s  of  course not  dependent  upon t h e  f l i g h t  d i r e c t i o n .  
The ma jo r  angu la r  e r ro r s  are caused by scal loping;  beam roughness and 
beam b e n d s .  I n s t a b i l i t i e s  i n  t h e  p r o p a g a t i o n  seem t o  b e  n e g l i g i b l y  
small. Because  the  magnitude  of  the beam r e f l e c t i o n  e f f e c t s  are h igh ly  
dependent upon the  r ece ive r  des ign ,  no  a t t empt  w i l l  be made t o  re la te  
t h e  e r r o r s  t o  t h e  r e c e i v e r  o r  t o  t h e  s t a t i o n .  U s i n g  d a t a  m e a s u r e d  w i t h  
h igh  qua l i ty  r ece ive r s  (See  Sec t ion  3 . 3 . 2 ) ,  t o g e t h e r  w i t h  t h e  s p e c i f i c a -  
t i o n s   g i v e n   f o r   t h e   s t a t i o n   ( S e c t i o n  3 . 3 . 1 ,  po in t   a )   t he   fo l lowing  
va lue  seems reasonab le  fo r  t he  s t anda rd  dev ia t ion  o f  t he  random angular  
e r r o r  component: 
Equat ions ( 3 . 2 ) ,   ( 3 . 4 ) ,  and ( 3 . 5 )  y ie ld   t he   fo l lowing   s t anda rd   de -  
v i a t i o n  f o r  t h e  o v e r a l l  VOR sys t em e r ro r  t o  be  expec ted  when q u a l i t y  
r e c e i v e r s  are used and a l a r g e  number o f  s t a t i o n s  are measured. 
( 3 . 6 )  
The i n d i v i d u a l  e r r o r  s o u r c e s  are independent.  I t  can   a l so   be  assumed 
t h a t  t h e  a n g u l a r  e r r o r  d i s t r i b u t i o n  f u n c t i o n  i s  Gaussian (Sect ion 
3 . 3 . 2 ) .  
3 . 4 . 3  The P.S.D. E r ro r  Func t ion  fo r  a VOR S t a t i o n  
Di s rega rd ing  any  r ange  l imi t a t ion  o f f se t s  i n  the  random 
a n g u l a r  e r r o r ,  t h e r e  is r e a s o n  t o  b e l i e v e  t h a t  t h e  s ta t is t ics  can be 
desc r ibed  by the  fo l lowing  exponen t i a l ly  co r re l a t ed  func t ion :  
This  cor responds  to  the  fo l lowing  P.S.D. func t ion :  
which  can  be  looked upon as low p a s s  f i l t e r e d  w h i t e  n o i s e .  A P.S.D. 
function which i s  f l a t  below w 2  assumes t h a t  t h e  r e f l e c t i o n s  f r o m  t h e  
t e r r a i n  g i v e  r ise t o  s c a l l o p i n g  and bends with no p re fe r r ed  f r equency  
due t o  t h e  i r r e g u l a r i t y  o f  t h e  t e r r a i n .  O b j e c t s  s u c h  as a f ence ,  
b u i l d i n g s ,  power l i n e s ,  and trees which cause much o f  t h e  p e r t u r b a t i o n s ,  
are r a t h e r  r e g u l a r  i n  s h a p e ,  b u t  t h e i r  d i s t a n c e  and d i r e c t i o n  t o  t h e  
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VOR s t a t i o n  c a n  b e  assumed  random. Inspec t ion  o f  ac tua l  da t a  t aken  
f r o m  r a d i a l  a n d  o r b i t a l  f l i g h t s  s t r e n g t h e n  t h e  a s s u m p t i o n  t h a t  n o  s p e -  
c ia l  frequency band is dominating below a maximum occurr ing frequency 
denoted W2. 
Because most of the VOR e r r o r s  are geomet r i ca l ly  f ixed ,  w 2  w i l l  be 
p r o p o r t i o n a l  t o  t h e  a i r c r a f t  v e l o c i t y .  
a) Flying Along a Radial  
By i n s p e c t i o n  of a l i m i t e d  number o f  r eco rd ings ,  t he  
sca l lop ing  f r equency  seems to  be  independent  of  the  d is tance  f rom the  
VOR s t a t i o n .  The maximum sca l lop ing  f r equency  o f  impor t ance  fo r  a re- 
c o r d i n g   s a i d   t o   b e   t y p i c a l  E171 f o r  a convent ional  VOR s t a t i o n ,  is 
0.17-0.34 x r / s / k t .  Reference   [15]   ind ica tes   the  maximum dominant 
s ca l lop ing   f r equency   t o   be  approx ima te ly  0 .12  x r / s / k t .  Reference 
[18 ]  has  found  tha t  du r ing  the i r  f l i gh t  tests t h a t  t h e  maximum sca l lop -  
ing  f requency i s  higher  than  0.7-2.5 x r / s / k t .  A measurement  of 
a DVOR rad ia l   [31]   gave  4.1 x r / s / k t .  This   higher   f requency  can 
b e   a s c r i b e d   t o   t h e  DVOR des ign ,   re fe rences   [34]   and   [35]  . I n   t h e  
F l i g h t  I n s p e c t i o n  Manual [25 ] ,  a t y p i c a l  p l o t  f o r  b e n d s ,  s c a l l o p i n g ,  
and  roughness i s  shown, i n d i c a t i n g  t h e  s c a l l o p i n g  f r e q u e n c i e s  t o  b e  
16-20 times higher   fhan  the  bends.  By r e s t r i c t i n g  t h e  bank a n g l e s  t o  
be  less than l o o  f o r  e n  r o u t e  f l i g h t s  a t  145 k t  (DC-31, one  can  compute 
t h e  maximum f lyab le   bend   f r equency   t o   be  0 . 1  x r / s / k t  2 0  miles 
from  the VOR. T h i s  i n d i c a t e s  p o s s i b l e  s c a l l o p i n g  f r e q u e n c i e s  t o  b e  on 
the   o rder   o f  1 .6-2  x r / s / k t .  The d i sc repanc ie s   i n  t he   measu red  
va lues  cou ld  be  due  to  the  "na tu ra l "  sp read  in  the  VOR network or per- 
h a p s  r e f l e c t  t h e  d i f f e r e n t  s a m p l i n g  r a t e s  o r  smoothing f i l t e r s  used  in  
t h e  r e c e i v e r s .  ( A  2 0  second time c o n s t a n t  i n  t h e  Low p a s s  f i l t e r  would 
g ive  a 0.35 x r/s/kt   frequency  bandwidth when a 145 k t  a i r c r a f t  
is used  to  co l l ec t  t he  da t a . )  Cons ide r ing  on ly  conven t iona l  VOR sta- 
t i o n s  (DVOR amounts t o  less than 3% o f  t h e  t o t a l  number o f  s t a t i o n s ) ,  
a r ea l i s t i c  va lue  a long  the  rad ia l s  could  be :  
w 2ra = 0.7  x r / s / k t  (3.9) 
b ) .  O r b i t a l  F l i g h t s  
The sca l lop ing  f requency  exper ienced  is expec ted  to  
depend upon t h e  r a d i u s  of t he  o rb i t .  Fo r  example ,  mi sa l igned  r ad ia l s  
or  bends caused by r e f l e c t i o n s  n e a r  t h e  VOR s t a t i o n s ,  w i l l  g ive  an  in-  




R - r a d i u s   o f   o r b i t   i n  n.m. 
$P 
- p e r i o d  of s c a l l o p s  as seen on a 360' e r r o r  p l o t ,  d e g r e e s  
As t h e  r a d i u s  is i n c r e a s e d ,  new o b j e c t s  may cause  r e f l ec t ion  phe -  
nomema and thereby weaken t h i s  i n v e r s e  p r o p o r t i o n a l i t y  l a w  t o  some ex- 
tent.   Reference  [36] shows orbi ta l   measurements  made a t  d i f f e r e n t  
r a d i i .  The predominant   sca l lop ing   per iod   remains   a lmost   una l te red  a t  
20  f t ,  6 n.m., 1 2  n.m., and 20 n.m., conf i rming  the  above  equat ion .  
Some higher  f requencies  of  lower ampli tudes show  up a t  t h e  g r e a t e s t  
d i s t a n c e .  The r e s u l t  o f  a t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  s c a l l o p i n g  
f r e q u e n c y  v a l i d  f o r  o r b i t a l  f l i g h t s  i s  a l s o  shown f o r  s c a l l o p s  c a u s e d  
by n o n d i r e c t i o n a l  r e f l e c t i o n  f r o m  a s i n g l e  s o u r c e ,  as: 
= 1.2  ~1 s i n  $ 1  [ r / s / k t l  d (3.11) 
where 
d - dis tance   f rom VOR t o   r e f l e c t o r  
R - dis tance   f rom VOR t o   a i r c r a f t  
$ - angle   be tween  a i rc raf t   and   re f lec t ing   ob jec t   seen   f rom VOR 
s t a t i o n  
Th i s  equa t ion  a l so  g ives  a f r e q u e n c y  i n v e r s e l y  p r o p o r t i o n a l  t o  the ra- 
d i u s  o f  t h e  o r b i t .  A d i r e c t i o n a l  r e f l e c t i n g  s o u r c e  seems t o  g i v e  a 
frequency  which  can  be  calculated  from  (3.10)  with 9 = 360' according 
t o  o r b i t a l  measurements shown i n  t h e  same re fe rence .  Many examples  of 
measurements  taken while  orbi t ing the VOR s t a t i o n  a r e  shown i n  t h e  lit- 
e r a t u r e .  Most of  them are made with a "sampling rate" of  10' along 
t h e  o r b i t  a n d  t h u s  l e a v e  o u t  t h e  f i n e  s t r u c t u r e  o f  t h e  c o u r s e  dev:.a- 
t i o n .   ( S c a l l o p s   w i t h  20' per iod   g ive   0 .25  x 10-3r/s/kt  a t  a r a d i u s  
of 20 n.m. and 1 x r / s / k t  a t  5 n.m. r a d i u s . )  
P 
A h i g h  r e s o l u t i o n  c h a r t  f o r  a 20 m i l e  o r b i t a l  f l i g h t  [34]  revealed 
maximum f requenc ie s  a t  a p a r t i c u l a r  s i t e  of 
5.7 x l o m 3  r / s / k t  
This s i te  w a s  c h a r a c t e r i z e d  as use l e s s .w i th  conven t iona l  VOR due t o  
some nea rby  towers  caus ing  th i s  h igh  f r equency  r e f l ec t ion  (The use of 
(2.11)  g i v e s   f i v e  times the  measured  frequency).  A h i g h   r e s o l u t i o n  
p l o t  i n  r e f e r e n c e  [ 3 2 ]  g a v e  a s h o r t e s t  s c a l l o p i n g  p e r i o d  o f  
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approximately loo for  repeated measurements  of  two d i f f e r e n t  VOR sta- 
t i o n s .  
There i s  r e a s o n  t o  b e l i e v e  t h a t  a l o o  period can be used as a 
p r a c t i c a l  u p p e r  limit, which by use  of  equat ion  (3 .10) ,  g ives  the  max- 
i m u m  f r e q u e n c y  o f  t h e  s c a l l o p s  d u r i n g  a n  o r b i t a l  f l i g h t .  The b e s t  es- 
timate then becomes: 
W 2 0 r  - - 10/R(n.m.) x r / s / k t  (3.12) 
Bounds  on R can now be  set .  Minimum v a l u e s  o f  i n t e r e s t  f o r  p a r t s  o f  
an o r b i t a l  f l i g h t  are g iven  by  the  spec i f i ca t ions  on  the  RNAV airways 
(Sec t ion  3.1.. 3)  , which y i e l d s  : 
w 20r max 1 1.25 x r / s / k t  below 1 8 , 0 0 0  f t  a l t i t u d e  Rmin 0 . 6 7  x r/s/kt  above 1 8 , 0 0 0  f t  a l t i t u d e  
The maximum value  of  R i s  g iven  by  the  , separa t ion  of  the  VOR s t a t i o n s .  
In  t e rmina l  areas and along high densi ty  a i rways,  values  of  R g r e a t e r  
t han  4 0  n.m. would  be  very rare. For  en  rou te  f l i gh t s  c lose  l ane  spe -  
c i f i c a t i o n s  f o r  RNAV airways i s  given up t o  5 1  n.m. Thus: 
w 2 0 r  max 0 . 2 5  x r / s /k t   t e rmina l  
Rmax 0 .2  x r / s /k t   en   rou te  
(3.12b) 
A s  was remarked in  connec t ion  wi th  equat ion  (3 .10) ,  the  maximum s c a l -  
loping  f requencies   which  could  be  expected  are   higher   than  those  given 
by  (3.10) a t  l o n g e r  d i s t a n c e s .  
3 .4 .4   Sugges t ed   S t a t i s t i ca l   Desc r ip t ion  of the  Angular   Error  
Signal  f rom a VOR S t a t i o n  
The s t a t i s t i c a l  model der ived  in  the  preceeding  para-  
graphs is v a l i d  f o r  f l i g h t s  w i t h i n  t h e  c o v e r a g e  o f  a VOR s t a t i o n .  
Comparison of t h e  v a l u e s  e s t i m a t e d  f o r  f l y i n g  a l o n g  t h e  r a d i a l s  w i t h  
t h e   v a l u e s   f o r   f l y i n g   a c r o s s   t h e   r a d i a l s  shows only a moderate   dif-  
f e r e n c e  i n  t h e  e s t i m a t e d  maximum p e r t u r b a t i o n  f r e q u e n c i e s .  T h i s  r e s u l t  
encourages the approximation of using only one model v a l i d  f o r  a l l  
f l i g h t  d i r e c t i o n s  w i t h  r e s p e c t  t o  t h e  VOR s t a t i o n .  T h i s  w i l l ,  t o  a 
g r e a t   e x t e n t ,   s i m p l i f y   t h e   m e c h a n i z a t i o n   o f   t h e   o p t i m a l   f i l t e r .  Be-  
cause of the  sp read  and  incomple t eness  in  the  da t a  used  to  de r ive  the  
s t a t i s t i ca l  parameters,  such a s i m p l i f i e d  model w i l l  probably give as 
good a r e s u l t  as t h a t  o b t a i n e d  u s i n g  a more complicated model. 
The proposed s t a t i s t i c a l  d e s c r i p t i o n  o f  t h e  o v e r a l l  VOR system 
e r r o r ,  v a l i d  w i t h i n  t h e  c o v e r a g e  of o n e  s t a t i o n  is: 
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M e  an   va lue  : 
E h t 1  = B, - ( B &  + B k T  )li2 = (0.3’ + 0.7’) = 0.75O ( l a )  
(3.13) 
The parameters  of t h e  random  component,  equation  (3.7): 
w = 0.7 x r / s / k t  
This model can be depicted as follows: 
(3.15) 
nl 
__+ w 2  + Yt 
+ 
, B t  
FIGURE 3 , 1  
n l  - whi te   no i se  
yt - t h e   t o t a l   a n g u l a r  error i n  t h e  V6R s i g n a l  
Using s t a t e  s p a c e  n o t a t i o n ,  t h i s  c a n  be wr ik ten  as: 
where 




E i n l  ( t ) n l  ( t + T )  I = 4 2  6 (TI (3.18) 
The P.S.D. f u n c t i o n  f o r  t h i s  w h i t e  n o i s e  is: 
Q 2  = 202/w2 Y (3.19) 
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Using the above proposed f igures ,  (3 .19)  becomes: 
Q = 2.3 x (degr)  2/ ( r / s /k t )   (3 .20)  
3.4.5 S t a t i s - t i c a l  . . ,. - Model " f o r   t h e  VOR Network  Angular  Error 
The t o t a l  time a n  a i r c r a f t  a t  300 k t  u s e s  a p a r t i c u l a r  
VOR s t a t i o n  w i l l  vary from 7 t o  1 2  minutes  for  proposed RNAV airways. 
F l y i n g  a n y  p a r t i c u l a r  r a d i a l  w i l l  t a k e  h a l f  t h a t  time. I t  i s  there-.  
f o r e  of i n t e r e s t  t o  d e s c r i b e  t h e  VOR network as a whole. 
Denot ing the average t i m e  an a i r c r a f t  u s e s  a VOR s t a t i o n  as TO, 
w e  have  tha t :  
5 = 3.6 sec/kt   (3 .21)
RO 
where Ro is t h e  a v e r a g e  d i s t a n c e  t r a v e l l e d  i n  n.m. using one VOR sta- 
t i on .  Examin ing  the  angu la r  o f f se t s  o f  t he  VOR s t a t i o n s ,  it i s  seen 
t h a t  t h e y  w i l l  be sensed as a pulse  t ra in  wi th  an  average  pulse  wid th  
of To and an amplitude described by the  Gauss i an  d i s t r ibu t ion  g iven  in  
Section  3.4.1.  The mean of  the  VOR s t a t ions  can  be  r ega rded  as uncor- 
r e l a t e d .  Assuming € o r  t h e  moment t h a t  t h e  t i m e  e a c h  s t a t i o n  is  used 
i s  equa l ,  t he  expec ta t ion  becomes: 
E I B s , ( t ) B S T ( t + - r ) l  = u 2  (1 - M) (3.22) 
TO 
where u 2  i s  t h e   v a r i a n c e  of t h e   s t a t i o n   o f f s e t s   ( 3 . 4 ) .  Comparing t h i s  
r e s u l t  w i t h  a n  e x p o n e n t i a l l y  c o r r e l a t e d  f u n c t i o n :  
B 
0; e- I 'c I /To = a i ( 1  - .I.cl/To + . . . I ,  (3.23) 
equat ion  (3 .22)   can  be  said  to   be  an  approximation  of   (3 .23) .   Because 
t h e  a c t u a l  f l i g h t  times us ing  a p a r t i c u l a r  VOR have a d i s t r i b u t i o n  w i t h  
To as a mean value,   the   approximation is improved. The expec ta t ion   o f  
(3.24) 
t h e  a n g u l a r  e r r o r  of t h e  VOR network can then 
EIBsT(t)BsT(t-T)lx u i  e - W O I T l  
where 
A va 
w = l /To  = - 
0 
O s 2 *  x r / s / k t  
RO 
l u e  o f  Ro found from the proposed RN 
be  descr ibed  as: 
AV airways between N e w  
York and  Boston  and  between N e w  York and  Washington, D.C. [131 is: 
Ro = 45 n.m. (3.25) 
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g i v i n g  : 
w = 0.006 x r / s / k t  
0 
y i e l d i n g  To = 9 minutes   for  a 300 k t  a i r c r a f t .  
The l i m i t e d  f l i g h t  t i m e  w i th in  the coverage of a VOR s t a t i o n  i m -  
poses a lower l i m i t  on  the  poss ib l e  f r equency  o f  t he  random varying an- 
gu lar  e r ror  sensed  f rom each  s ta t ion .  Because  the  bends  and  sca l lops  
have a ze ro  mean, t h e  maximum nominal  per iod of  the bends is: 
T 1  = 3.6 Ro x lo3 s k t  
o r  : (3.26) 
w 1  = - 1 . 7 4  x 10-3 
RO 
r / s / k t  
Using the above found value of Ro y i e l d s :  
w 1  = 0.039 x r / s / k t  
The s i m p l e s t  model f o r  t h i s  case is  obtained by approximating the 
random components a s  w h i t e  n o i s e  f i l t e r e d  by a b a n d p a s s  f i l t e r  g i v e n  
by the  equat ion:  
H l ( s )  = s/w 1 
(1 + s / w 1 )  (1 + s / w z )  
Here w 1  i s  given by (3.26)  and w 2  by (3 .15 ) .  The P.S.D. f unc t ion   o f  
t h e  f i l t e r e d  n o i s e  t h e n  becomes: 
Q l l ( W )  = 
( 4 0 1 )  N ,  
(1 + ( w / w 1 ) 2 1  [1 + ( w / w 2 ) 2 1  
where N 1  is t h e  P.S.D. of  the  un f i l t e r ed  wh i t e  no i se .  
The var iance  can  now be found as:  
E [ y ( t ) ' ]  = 1 / jm H ~ ( s ) H ~ ( - ~ )  Nlds = ~ I T N  I
j - j m  
where I is  a t a b u l a t e d  i n t e g r a l  i n  [ 4 2 1  
This   g ives  : 
a2 
E [ Y ( t ) ' ]  = nN1 1 + w 1 / w 2  -  U 2  Y 
where u is given by (3 .5 ) .  The value of the N1 then becomes: 
Y 
u 2  
N 1  = (1 + W I / W ~ )  :: a2/nu2 
2 Y 
s i n c e  when w 2  (3.15) i s  compared with 
(3.27) 
w 1  ( 3 . 2 6 ) ,  a r a t i o  of about  
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18:l is  found. 
The e f f ec t  o f  ex tend ing  the  f r equency  r ange  o f  t he  P.S.D. func t ion  
from w 1  t o  z e r o  f o r  t h e  random  component w i l l  now be evaluated.  Adding 
a lowpass   f i l tered  white   noise   component ,  n2, which i s  assumed  un- 
c o r r e l a t e d  w i t h  n , t o  t h e  b a n d p a s s  f i l t e r e d  w h i t e  n o i s e ,  w e  g e t :  
1 
where 
” N ~  = P.S.D. o f   n 2  = a%/nw3 
w 3  = b r e a k p o i n t   o f   l o w p a s s   f i l t e r  
For N1 = N2 and w 1  = w 3  and  assuming w z  > >  u l r  (3 .28)  becomes: 
(3 .28)  
@ 2 2  ( w )  = 
N 1 
(3 .29)  
1 + w2/u ;  
The assumed s tandard deviat ion of  the added lowpass  f i l tered noise  s ig-  
be : nal can be found from the assumption of N 1  
0 2  = 0 ( W l / W Z )  1 / 2  Y 
Using  the  va lues  quoted  in  equat ions  (3.26 
u2  = 0.19O 
( 3 . 3 0 )  
) ,  and (3.15) gives:  
Using Ro = 45 n.m. and a speed of 300 k t ,  t h e  s h o r t e s t  f l u c t u a t i o n  
pe r iod  becomes  from ( 3 . 2 6 ) :  
T = 2-rr/wS = 9.3 m i n u t e s  
P3 
Such low frequency noise can enter the system from the following 
sources  : 
o Receiver  bias  changes due to  temperature  or  supply 
v o l t a g e  f l u c t u a t i o n s  
o D r i f t  i n  t h e  30 Hz VOR frequency, which can give 
low frequency components when a group of VOR s t a t i o n s  
are connected t o  t h e  same power s t a t i o n .  
The values  indicated above would be reasonable  values  for  these 
e r r o r  s o u r c e s .  The b a n d p a s s  f i l t e r e d  w h i t e  n o i s e  model can  the re fo re  
be  rep laced  by a l o w p a s s  f i l t e r e d  w h i t e  n o i s e  model. 
The proposed s t a t i s t i c a l  d e s c r i p t i o n  o f  t h e  VOR network then 
be comes : ” 
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n 1 " J  Y1 Y' + * 2  + b Y t '  + 
- w 2  
~~ 
F I G U R E  3,2 
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I 
G - t o t a l  a n g u l a r  e r r o r  i n  t h e  VOR network 
yo, y - s ta te  v a r i a b l e s  
*RCV 
W O  - highest   "bias   chopping"  f requency  (3 .24)  
W 2  - highes t   sca l lop ing   f requency   (3 .15)  
- c o n s t a n t  b i a s  i n  VOR r ece ive r   (3 .2 )  




Qo = 2a ' / w ~ ,  similar t o   e q u a t i o n  (3 .19 )  
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T h e s e   r e s u l t s  fo r  *he VOR network  can  also  be  summarized as t h e  
sum of two u n c o r r e l a t e d  random a n g u l a r  e r r o r  s i g n a l s  h a v i n g  the -. 
29 
fo l lowing  expec ta t ions :  
( 3 . 3 4 )  
wo = 0.006O x r /s /kt   nominal ,  ( 3 . 2 5 )  
= 0 .9O,  see ( 3 . 1 4 )  Y 
u p  = 0 . 7  x r / s / k t ,  see ( 3 . 1 5 )  
I n  a d d i t i o n ,  a c o n s t a n t  r e c e i v e r  b i a s  w i t h  t h e  f o l l o w i n g  s t a n d a r d  
d e v i a t i o n  i s  added: 
RCV = 0.3O See ( 3 . 2 )  
The t o t a l  r.m.s. e r r o r  t h e n  becomes: 
lJ1 = ( U B 2  + lJ + B;cv)1/2 = 1 . 2 0 ,  
Y t  Y 
i d e n t i c a l  t o  ( 3 . 6 )  as  presumed. 
3 . 4 . 6  S t a t i s t i c a l  Models - f o r  t h e  VOR Sys tem Descr ibed  in  the  
L i t e r a t u r e  
In   r e f e rences  [ 1 7 1  and [371  an   exponent ia l ly   cor re-  
l a t e d  model was derived from a l i m i t e d  number of F . A . A .  record ings .  
The i r  f i nd ings  were: 
wi th :  
u = l.1° 
B = 0.2 x r / s / k t  
The b i a s  o f  t he  VOR s t a t i o n  a n d  t h e  r e c e i v e r  were se t  t o  z e r o .  
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Simula t ions  made a t  Boeing [16] made use  of  the  fo l lowing  model: 
B i a s  i n  t h e  VOR system: lo, l o .  
The  random p a r t  o f  t h e  VOR s i g n a l :  lo, l a .  
N o  frequency limits were mentioned. 
Reference [151 made use of  a ve ry  sho r t  ave rage  time when des- 
c r i b i n g  t h e  a n g u l a r  e r r o r s  u s e d  f o r  t h e i r  s i m u l a t i o n s :  
Mean value:  1" + 5" s i n  w t ,  w = 0 . 1 2  x r / s /k t .  
Standard  deviat ion:   Varying  f rom  0.5"   to  maximum 4 "  w i t h  t h e  
same frequency  given  above. 
Other  models  have  been  found  in  the  survey. The  above  models 
show a s a t i s f a c t o r y  s i m i l a r i t y  w i t h  t h e  model proposed i n  t h i s  r e p o r t .  
3.5 Descr ip t ion  ~ - o f   t h e  DME E r r o r s  
The  most impor tan t  DME e r r o r  s o u r c e s  a r e :  
0 Pul se  rise t i m e  and  pulse  d is tor t ion  
o C a l i b r a t i o n  of f ixed  de lays  
q Frequency s t a b i l i t y  
0 Receiver  process ing  e r rors  
Because only the leading edge of  the pulse  i s  used  fo r  t iming ,  t he  s y s -  
t e m  i s  v i r t u a l l y  immune to  mul t ipa th  caused  by r e f l e c t i o n .  
Reference  [32] claims t h a t  t h e  p o t e n t i a l  a c c u r a c y  o f  t h e  c u r r e n t  
system i s  20.5psec.   corresponding  to  kO.084 n.m. 
The s p e c i f i c a t i o n  g i v e n  by t h e  F l i g h t  I n s p e c t i o n  Manual [25] says 
tha t  t he  accu racy  o f  t he  DME s h a l l  b e  w i t h i n  3% of t h e  d i s t a n c e  o r  0 . 5  
m i ,  whichever i s  g r e a t e r .  I n  t h e  o l d e r  manual [38 ] ,  0.2 m i .  o r  2% of 
t h e  d i s t a n c e  w a s  s p e c i f i e d .  
3.5.1 Observed DME E r r o r s  
~~ 
Some measurements of the DME system accuracy are re- 
p o r t e d  i n  t h e  l i t e r a t u r e .  
The DME t r a n s m i t t e r :  
Reference  [2]   has   found  the  error  t o  be  f0.033 n.m. la. 
Reference  [30]  concludes  tha t  the  TACAN s t a t i o n  error is 0.03 m i . ,  1 
Reference [39] states a 0.27 n.m. maximum error which i s  s a i d  t o  
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cor re spond  to  a l a  v a l u e  o f  0.29 x 0.27 = 0.077 n.m. 
DME r ece ive r s :  
Reference  [2]  quotes 2 0 . 1  n.m. +0.2% o f  r ange  fo r  t he  air-  
borne  equipment.  Reference [401 states t h a t   t h e   a c c u r a c y   o f   t h e  re- 
ce ivers  have  improved  f rom about  5% of  d is tance  to  about  0 .2  m i .  inde- 
pendent  of  d i s tance .  A compar ison  be tween the  d is tance  ind ica ted  by 
t w o  DME r ece ive r s  i n  the  Eas t e rn  p rogram [13]  showed a discrepancy of 
up t o  0.25  n.m.,  which w a s  w i t h i n  t h e  s t a t e d  a c c u r a c y  o f  i 0 . 2  n.m. f o r  
t h e  r e c e i v e r s .  The e r r o r  seems to   be   caused  by b i a s  t y p e  e r r o r s  i n  
t h e  r e c e i v e r s .  
The o v e r a l l  DME system: 
Reference  [2]  concludes  tha t  the  sys tem er ror  i s  0 . 1  n.m:, 
la. 
R e f e r e n c e  [ 3 0 ]  s a y s  t h a t  t y p i c a l  d i s t a n c e  e r r o r  i s  k 0  .1 m i .  
t o  k O . 2  m i .  O the r   r e f e rences   u se  k 0 . 2  n.m. o r  1% of   range   descr ib ing  
t h e  e r r o r s  as very low frequency random e r r o r .  
3.5.2 DME S t a t i s t i c s  
The  main e r r o r  s o u r c e  i s  p r o b a b l y  u n c e r t a i n t i e s  i n  t h e  
f i x e d  d e l a y s  i n  the r ece ive r  and  the  DME s t a t i o n ,  g i v i n g  rise t o  a b i a s  
t y p e  e r r o r .  I t  is  e x p e c t e d  t h a t  t h i s  b i a s  w i l l  vary  s lowly  wi th  t i m e  
due t o  component d r i f t  and  temperature  and power supply  changes.  There 
i s  r e a s o n  t o  b e l i e v e  t h a t  t h e  DME s t a t i o n  b i a s  e x h i b i t s  o n l y  small 
changes i n  t h e  time i n t e r v a l  a n  a i r c r a f t  i s  u s i n g   t h e   s t a t i o n .  Distri- 
but ion of  the leading edge caused by noise  can  g ive  rise t o  a h ighe r  
f r equency   e r ro r  component.  Because  of  the  15  samples  per sec, para- 
graph 3.2.1,  the maximum information frequency would be about  30 rad/  
sec. 
a) The r . m . s .  E r r o r s  
The e s t ima ted  s t anda rd  dev ia t ion  o f  t he  r ece ive r  based  on 
the above mentioned references is: 
( E  [a&]) = (5 aRCV = 0 . 1  n.m., l a  (3.35) . 
A q u a l i t y  r e c e i v e r  i s  assumed so t h a t  t h e  d i s t a n c e  dependency  can  be 
disregarded.  
The s t a t i o n  e r r o r  i s  es t ima ted  to  be :  
(E  [a,?.,]) = ti = 0 . 1  n.m., l a  aST (3.36) 
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The d i f f i c u l t y  i n  t h e s e  e s t i m a t i o n s  i s  due t o  t h e  g r e a t  d i v e r s i t y  
i n  t h e  DME t r a n s m i t t e r  s p e c i f i c a t i o n s  a n d  i n  t h e  r e p o r t e d  a c c u r a c i e s .  
The o v e r a l l  r . m . s .  e r r o r  t h u s  becomes: 
U - a t  - (a:RCV + atsT) 'I2 = 0.14 n.m., l o  (3.37) 
b )  The Expecta t ion   of   the  DME E r r o r s  ". - . -  - 
From t h e  d a t a  a v a i l a b l e  it is  on ly  poss ib l e  to  guess  a t  t h e  
e x p e c t a t i o n  o f  t h e  DME e r r o r s .  P r o v i d e d  t h a t  t h e  s t a t i o n  b i a s  c a n  b e  
regarded as s lowly varying,  the same b i a s  s t e p s  f l y i n g  from  one s t a t i o n  
t o  ano the r ,  as desc r ibed   i n   pa rag raph  3.4.5, can  be  expected.  This 
would g i v e  t h e  f o l l o w i n g  e x p e c t a t i o n  f o r  t h e  DME s t a t ion  ne twork :  
where 
(3 .38)  
The f l u c t u a t i o n s  i n  t h e  r e c e i v e r  b i a s  c a n  a l s o  b e  p r e d i c t e d  t o  b e  i n  
t h e  same f requency   range   (bu t   independent   o f   a i rc raf t   speed) .  A rough 
estimate of t h e  model f o r  t h e  t o t a l  DME e r r o r  is: 
(3.39) 
u = 1.4 n.m. See (3.37) a 
Assuming V = 300 k t ,  l / w o  becomes 530 seconds.  The r eco rd ing  
shown i n  r e f e r e n c e  [ 1 3 ]  does  no t  dep ic t  any high  frequency  noise  con- 
t e n t ,  i n d i c a t i n g  t h a t  t h e  a b o v e  model may have some relevance.  
The DME e r ro r  equa t ions  can  then  by  wr i t t en  a s :  
a = - w a + w n  
0 O D  
S i m i l a r l y  t o  e q u a t i o n  ( 3 . 1 9 1 ,  t h i s ' y i e l d s :  
QD = 2o i /w0  = 7 x 103(n.m.) ' / ( r /s /kt)  
where 
nD - w h i t e   n o i s e  
(3 .40)  
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c) S t a t i s t i c a l  Models f o r   t h e  DME Found i n   t h e   L i t e r a t u r e  
" 
Reference [37]  has  used the fol lowing model: 
E [a ( t )   c r ( t+T) ]  = (0 .2  n.m.)' e-11T1 
Th i s  au tocor re l a t ion  func t ion  was based on a r a t h e r  l i m i t e d  amount  of 
da t a .  An i n q u i r y  t o  t h e  a u t h o r  h a s  r e v e a l e d  t h a t  t h e  assumed autocor- 
relation t i m e  f o r  t h e  DME s t a t i o n  was 300 sec. Reference [16] uses a 
DME e r r o r   o f  0 . 1  n.m. 2a i n  t h e i r  s i m u l a t i o n s .  I n  [ 1 5 ]  a DME e r r o r  
varying from 0 . 0 2  n.m. t o  0 . 1 1  n.m. with a nominal value of 0 . 0 7  n.m. 
was u s e d  f o r  t h e i r  s i m u l a t i o n .  
3.6 Optimum U s e  o f   t he  VOR/DME Data 
3 .6 .1 Resul ts  f rom Programs Descr ibed in  the Li terature  
I n  t h e  E a s t e r n  STOL program [13] the VOR/DME informa- 
t i o n  w a s  f ed  to  the  Omni t r ac  Computer t oge the r  w i th  head ing ,  a i r speed  
d a t a  a n d  a l t i t u d e .  The computer   d id   the   fo l lowing   da ta   reduct ion:  
Correct ion of t h e  s l a n t  r a n g e  e r r o r  i n  t h e  DME s i g n a l .  
0 Mathemat i ca l  f i l t e r ing  o f  VOR s i g n a l  which s i g n i f i -  
c a n t l y  reduced the VOR b e a r i n g  e r r o r .  
o P. dead reckoning mode obtained by use of t r u e  a i r s p e e d  
d a t a  and magnet ic   bear ing.  Wind speed w a s  then es t i -  
mated. I f   s e n s o r   s i g n a l  was lost ,   the   computer   pro-  
vided i t s  normal  outputs  using airspeed,  compass 
heading,  and the most  recent  s tored value of  the 
wind speed. 
The measured e r r o r s  i n  t h e  VOR/DME p o s i t i o n  f i x  i n  tthe t e rmina l  
area w a s  less than 0 . 2  n.m., l a .  These   r e su l t s  were probably  achieved 
without  use of  Kalman f i l t e r ing ,  bu t  p robab ly  wi th  use  o f  t he  dead  rec- 
koning data .  
Re fe rence  [15 ]  has  ob ta ined  in  the i r  s imula t ions  a cons ide rab le  
improvement i n  t h e  p o s i t i o n  e r r o r s  d e r i v e d  f r o m  t h e  VOR/DME s i g n a l s  
with use of a maximum l i k e l i h o o d  f i l t e r  b u t  w i t h o u t  a dead reckoning 
system. The e r r o r  r e d u c t i o n  i s  achieved by us ing   an   add i t iona l  VORTAC 
s t a t ion   l oca t ed   "o f f - a i rway" .   Fo r  a t r a n s c o n t i n e n t a l   f l i g h t   s i m u l a t i o n ,  
t h e  f o l l o w i n g  r e s u l t s  were publ ished:  
Mean e r r o r :  kO.11 n.m. ac ross  t rack 
k0.083 n'.m. a long  t r ack  
S tandard  devia t ion :  kO.072 n.m. 
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(Except  for  a few i n t e n t i o n a l l y  b a d  s e l e c t i o n s  of VORTAC s t a t i o n  
p a i r s .  ) 
The i n t e r e s t i n g  s i m u l a t i o n s  p e r f o r m e d  i n  r e f e r e n c e  1171 and [ 371  
processed  the  VOR/DME da t a  toge the r  w i th  the  da t a  from  an I . N . S .  
and  an a i r  speed-magnet ic   heading  dead  reckonsr , respect ively.  I t  was 
had a v e l o c i t y  e r r o r  o f  1 . 4  n.m. per hour and 
could be descr ibed by 
assumed t h a t  t h e  1.N.s. 
t h a t  t h e  VOR/DME s i g n a l  
for  t h e  VOR and 0 .2  n .m 
s i o n a l  s ta te  vector  and 
. r . m . 5 .  e r r o r  i n  t h e  DME. Using a s i x  dimen- 
a sampling t i m e  i n t e r v a l  o f  f i v e  s e c o n d s ,  a n  
improvement i n  t h e  p o s i t i o n  e r r o r  from 2 %  o f  t h e  d i s t a n c e  t o  t h e  VOR- 
TAC s t a t i o n  t o  a b o u t  0 . 4 %  of t h e  d i s t a n c e  w a s  achieved.  Using  the air-  
speed-magnetic heading dead reckoning, the r . m . s .  accuracy in  t h e  posi-  
t i o n  i s  b e t t e r  t h a n  t h a t  o f  t h e  VOR/DME by a f a c t o r  o f  2 .5 .  
The Vector Analog Computer developed by Bulter  Nat ional  Corpora-  
t i o n  [18] makes u s e  of a d i s t a n c e   p r o p o r t i o n a l   f i l t e r .  I n  t h i s  f i l t e r  
an O B I  s e r v o  i n  t h e  VAC has  a speed l imitat ion which is  i n v e r s e l y  
p r o p o r t i o n a l   w i t h  the d i s t a n c e  t o  t h e  VORTAC s t a t i o n .  The speed limits 
s e l e c t e d  c o r r e s p o n d s  t o  t h e  maximum a n g u l a r  r o t a t i o n s  of t he  VOR bear-  
i ng  an  a i r c ra f t  can  expe r i ence  a t  a given  speed.  Thus t h e  servo  speed 
does  not  depend upon the  ampl i tude  of  the  course  devia t ions ,  bu t  on ly  
upon t h e  p o l a r i t y  o f  t h e  CDI ou tput  f rom the  VOR r e c e i v e r .  The f i l t e r  
equa t ion  i s  : 
- - -- de 
d t  
V (Ai rcraf t   Speed)  , , o. n.m. 
D (Distance)  
I- 
de - 
d t  
"
V , D < 0 . 5  n.m. 
D = 0 . 5  n.m. 
The r e c e i v e r s  w h i c h  a r e  p r e s e n t l y  on t h e  marke t  have  an  in te rna l  
f i l t e r .  The e f f e c t  o f  t h i s  f i l t e r  i s  removed  by a pa'ssive  network  in 
t h e  VAC. 
I t  i s  s a i d  t h a t  t h i s  s i m p l e  f i l t e r  t e c h n i q u e  makes an  improvement 
i n  t h e  VOR accuracy of a n  o r d e r  of magnitude and enables the u s e  of 
so-ca l led  unusable  VOR s i g n a l s .  
3 . 6 . 2  Some Considerat ions When Designing an Optimal F i l t e r  
a) The VOR/DME P o s i t i o n   F i x  
The VOR/DME s i g n a l  g i v e s  a p o s i t i o n  f i x  r e l a t i v e  
t o  t h e  VORTAC s t a t i o n  w i t h  t h e  f o l l o w i n g  r . m . s .  e r r o r s :  
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Across the d i r e c t i o n  t o  t h e  VORTAC s t a t i o n :  
Along t h e  d i r e c t i o n  t o  t h e  VORTAC s t a t i o n :  
f a a  = 0.14  n.m. 
n.m. 
2 . 0  
1 . 5  
0 . 5  
0 . 1 4  
6 . 7  5 0  100 R n.m.  
FIG, 3 , 3  VOR-DMS POSITION FIX ERP.ORS 
Using  the  average  range  found for  cer ta in  RNAV-airways, t h e  mean VOR 
e r r o r  i s  0 .95  n.m. A t  r anges  g rea t e r  t han  1 0  n.m. t h e  DME e r r o r  is much 
less t h a n  t h e  VOR e r r o r .  A va luab le  p rope r ty  i s  t h a t  E [ R y ( t ) a ( t + ~ ) l = O  
and t h a t  t h e  errors appea r  o r thogona l  t o  each  o the r .  
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I n  t h e  n a v i g a t i o n  c o m p u t e r  t h e  l a t i t u d e ,  l o n g i t u d e ,  and angle be- 
tween magnetic and geographic  nor th  for  each VORTAC s t a t i o n  h a v e  t o  b e  
s tored .  Denot ing  the  VOR bea r ing  wi th  r e spec t  t o  geograph ic  no r th  a s  
8, t h e  VOR/DME p o s i t i o n  f i x  t r a n s f o r m e d  t o  t h e  g e o g r a p h i c  c o o r d i n a t e  
frame becomes: 
A T x '  = R'cos8'  
(3.40) 
Ar ' = R' s i n 8  I Y 
where 
Arx' = component  of R '  a long  the  no r th  ax i s  
A r  ' = component  of R '  a l o n q  t h e  e a s t  a x i s  
Y 
The "p r ime"  ind ica t e s  a measured value.  Now the measured values  can be 
w r i t t e n  as t h e  c o r r e c t  v a l u e  p l u s  a n  e r r o r  term: 
R '  = R +  ci 
A r N  ' = A r N  + 6 r m N ,  A r N  = R cos 8 
A r E '  = A r E  + GrVDE, ArE = R s i n  8 
Using small  angle approximation and neglecting products of u n c e r t a i n t i e s ,  
Eq. (3.40) t hen   g ives  : 
' =VDN -R s i n  0 cos 9 
[Arm.] = [ R c o s  8 s i n  8 1  [r ] (3.41) 
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b )  Example of a F i l t e r   D e s i g n  
S i m i l a r  t o  t h e  s y s t e m  d e s c r i b e d  i n  1371, p o s i t i o n  is measured 
s imultaneously by t h e  INS and  the VOR/DME. Deno t ing  the  pos i t i on  vec to r s  
i n d i c a t e d  r e s p e c t i v e l y  as 
where is the   co r rec t   pos i t i on   vec to r ,   an   e r ro r   f r ee   compar i son   be tween  
t h e  two measurements gives: 
That i s ,  E'  depends  only  upon the  e r rors  in  the  I N S  and VOR/DME system. 
A s  an  example, a very simple model of t h e  INS u n c e r t a i n t i e s  is used,  
c o n s i s t i n g  of two uncoupled channels with white noise a t  t h e  a c c e l e r o -  
meter l e v e l  (random  walk  gyro d r i f t ) .  The n o i s e  i s  i n t e g r a t e d  twice t o  
g e t  t h e  p o s i t i o n  u n c e r t a i n t y .  The VOR model v a l i d  f o r  t h e  VOR network 
is used, Eq. (3.31). The s ta te  equat ion   then  becomes: 
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By s u b t r a c t i n g  a t  t h e  d i s c r e t e  t i m e  i n t e r v a l s  t h e  VOR/DME s igna ls  f rom 
t h e  I N S  s igna ls  and  us ing  equat ion  (3.41), w e  get:  
where _U is a g a u s s i a n  d i s t r i b u t e d  n o i s e  r e p r e s e n t i n g  an  erroneous 
p a r i s o n  of t h e  I N S  and VOR/DME d a t a :  
com- 
E[! = g =  [:' U (3.45) 




Q =  
and I QO Q2 0 0 Q, QI 
Qo = 48.5  (rad) ’/ ( r / s /k t )   f rom  (3 .30) .  
Q2 = 0 . 7  ( rad)   ‘ / ( r /s /kt)   f rom  (3.20)  
Q, = 7 x 1 0  (n.m.1 / ( r / s /k t )   f rom  (3 .40)  3 2 
(3.46) 
By choosing a sampling t i m e  in te rva l ,  paragraph  3 .6 .2  c, the  informat ion  
needed t o  s o l v e  t h e  d i s c r e t e  Kalman f i l t e r  e q u a t i o n  f o r  e s t i m a t i o n  o f  
t h e  VOR/DME and INS e r r o r s  i s  a t  hand.  These estimates can  be  appl ied  
as c o r r e c t i o n s  t o  t h e  m e a s u r e d  q u a n t i t i e s .  
The H m a t r i x  i s  t i m e  varying because some o f  t he  en t r i e s  depend  up- 
on the  measured VOR bea r ing ,  8 ,  and  range R. Becasue R and 8 are n o t  
known a p r i o r i  as f u n c t i o n s  of t i m e ,  t h e  gain and covariance matrices 
i n  t h e  Kalman f i l t e r  equa t ion  can  no t  be  p recomputed .  
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The in t roduc t ion  o f  t he  3 noise  source  in  the  measurement  equat ion  
is somewhat a r t i f i c i a l ,  b e c a u s e  t h e  e r r o r s  i n t r o d u c e d  i n  t h e  e l e c t r o n i c s  
could  be made n e g l i g i b l y  small. I n  h i s  p a p e r  [ 4 3 ] ,  Kalman s o l v e d  t h e  
est imat ion problem for  a discrete- t ime system driven by whi te  no ise  
where a l l  measurements were assumed n o i s e   f r e e .  The  method desc r ibed  
by  Bryson  and  Johansen, 1441 ,  and  Bryson  and  Henrikson,  [45],  should 
be considered.  
c)  The Sampling Time I n t e r v a l  
The s imula t ions  pe r fo rmed  in  [17] and  [37] made use of a 5- 
second  sampling t i m e  i n t e r v a l .   R e f e r e n c e  [16] used  both 1 0  and 1 se- 
conds.  With a sampling t i m e  i n t e r v a l  Ts = 5 seconds ,   the   fo l lowing  
t h e o r e t i c a l  maximum s igna l   f requency  w can  be  reproduced: 
S'  
w = -  21T 
s 2Ts = 0 . 6 3  r/s 
The h i g h e s t  s c a l l o p i n g  f r e q u e n c y  a t  300 k t  is: 
w = 0 . 7  x x 3 0 0  = 0 . 2 1  r/s 2 
The h ighes t  cour se  abe r ra t ion  f r equenc ie s  w i l l  therefore  be  preserved  
i n  t h e  sampled  measurement.  This means t h a t  p r e f i l t e r i n g  o f  t h e  m e a s u r e d  
s i g n a l s  s h o u l d  n o t  b e  n e c e s s a r y  t o  p r e v e n t  t h e  f r e q u e n c y  f o l d i n g  e f f e c t  
from a r i s i n g  when sampling  s ignals   with  f requencies   above us. 
The d i s t a n c e  t r a v e l e d  i n  5 seconds a t  300 k t  is 0 . 4 2  n.m. This  
wou ld  ind ica t e  tha t  t he  s igna l  shou ld .no t  be  ave raged  be tween  the  samples  
because of t h e  l a g  i n t r o d u c e d .  From the  above  cons idera t ions ,  5 seconds 
seems t o  be a reasonable  choice of  sampling t i m e  i n t e r v a l .  
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d)  Some P r a c t i c a l   C o n s i d e r a t i o n s  
The performance of  the I N S  w i l l  probably not  be based upon 
the  sampl ing  t i m e  i n t e r v a l  o n l y ,  b u t  a l s o  upon t h e  d u r a t i o n  o f  p o s s i b l e  
loss of VOR/DME s i g n a l s .  When f l y i n g  o v e r  a VOR-station,  the  cone  of 
confusion may cause  unusab le  s igna l s  fo r  a t i m e  l a s t i n g  f o r  maximum: 
(Ref.   Para.  3.1.1.) 
- 2h tan 35  = 0.6 seconds h ( f t )  
Tcone V 
f o r  h = 1 0 , 0 0 0  f t  and V = 300  k t  t h i s  t i m e  becomes 2 .0  seconds.  The 
edge of the cone of confusion can be sensed, 3 . 2 . 4 ,  and a program  change 
s igna l   can   be   der ived .  A s i g n a l  l o s s  warning  can also occur ,  3 . 2 . 4 .  This  
may happen occasional ly ,  .and the  sys tem has t o  be  swi t ched  to  a dead 
reckoning mode whi le  another  VOR s t a t i o n  is  s e l e c t e d .  The a v a i l a b i l i t y  
f i g u r e  of t h e  VORTAC s ta t ions  has  been  found to  be  98.7% [ 3 3 1 ,  g iv ing  
an  ind ica t ion  o f  t he  occurance  of s i g n a l  loss. F l y i n g  a t  low a l t i t u d e s  
i n   m e t r o p o l i t a n   a r e a s ,  shadows  can  cause  temporary  s ignal   loss .  Spo- 
r a d i c  s i g n a l  loss c a n  a l s o  be e x p e c t e d  i n  t h e  DME s i g n a l  due t o  s a t u r a -  
t i o n  which occurs when more than  two a i r p l a n e s  i n t e r r o g a t e  a DME s t a t i o n  
s imultaneously.  
A very  impor tan t  b i t  o f  in format ion  which  should  be  used  in  an  op-  
timum f i l t e r  d e s i g n ,  i s  t h e  knowledge of t h e  maximum VOR bear ing  rate 
which  can  occur .   This   ra te  i s  given  by: 
where 
V = a i r c r a f t  s p e e d  
R = range 
$ = 90' when f l y i n g  an o r b i t a l  f l i g h t ,  O o  f l y i n g  a r a d i a l .  
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But l e r  Na t iona l  Corp. experienced a g r e a t  improvement using this infonna- 
t i o n  w i t h  s i n  JI = 1 i n  t h e i r  d e s i g n  o f  t h e  VAC. 
The f a c t  t h a t  t h e  VOR d e r i v e d  p o s i t i o n  e r r o r  i n c r e a s e s  l i n e a r l y  
with range w i l l  be  taken  in to  account  when w r i t i n g  t h e  e q u a t i o n s  f o r  
t h e  Kalman f i l t e r  a n d  s h o u l d  r e s u l t  i n  a weighting function which de- 
pends upon the  r ange .  
When c o m p u t i n g  t h e  s l a n t  e r r o r  c o r r e c t i o n ,  a f l a t  e a r t h  approxima- 
t ion  can  be  used.  A t  100  n.m. t h i s  w i l l  g ive  an e r r o r  of 50 f t  ( i nc reas ing  
with the cube  of  the  d is tance) .  
Two models were developed for the VOR e r r o r s ,  o n e  v a l i d  w i t h i n  t h e  
coverage  of   one  s ta t ion,  t h e  o ther   for   the   ne twork .   Us ing  t h e  f i r s t  
m o d e l ,  t h e  f i l t e r i n g  p r o c e s s  h a s  t o  b e  r e i n i t i a t e d  e v e r y  t i m e  a new 
s t a t i o n  is u s e d .  I n  t h e  o t h e r  model t he  in fo rma t ion  abou t  t he  sh i f t  o f  
s t a t i o n  is  u s e d  o n l y  i n d i r e c t l y  i n  t h e  a u t o c o r r e l a t i o n  t i m e  l/wo. A 
disadvantage of  t he  second  model i s  t h a t  it r e q u i r e s  one e x t r a  s t a t e  
v a r i a b l e .  No p re fe rences  w i l l  be made here .  
P r i o r  t o  t a k e - o f f ,  t h e  i n i t i a l  v e l o c i t y  and p o s i t i o n  e r r o r s  i n  t h e  
I N S  should  be  negl ig ib le ,  o therwise  it c a n  b e  d i f f i c u l t  t o  d i s t i n g u i s h  
between  constant I N S  p o s i t i o n  e r r o r  and VOR b i a s  e r r o r s .  The measure- 
ment of the VOR e r r o r  a t  t h e  a i r p o r t  d o e s  n o t  g i v e  any information about 
t h e  VOR b i a s ,  because  when t h e  a i r c r a f t  i s  s t a t i o n a r y ,  it is  n o t  p o s s i b l e  
t o  d i s t i n g u i s h  b e t w e e n  b i a s ,  b e n d ,  o r  s c a l l o p i n g .  The B e s t  i n i t i a l  es- 
t ima te  o f  t he  VOR b i a s  i s  the re fo re  ze ro .  The DME s ignal ,   however ,  
should  g ive  a va lue  of t h e  b i a s  ( s l o w l y  v a r y i n g ) ,  b u t  a d i s t i n c t i o n  b e -  
tween  r ece ive r  b i a s  and  t r ansmi t t e r  b i a s  can  no t  be  made i f  o n l y  o n e  
s t a t ion  can  be  r ece ived .  
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4 .  THE USE OF VOR/DME I N  THE F I N A L  APPROACH PHASE 
The VOR/DME sys tem can  be  used  toge ther  wi th  a l t i tude  informat ion  
i’n the  f ina l  approach  phase .  In  the  Eas t e rn  STOL program 1131 a curved 
approach path w a s  followed down t o  a f i n a l  way p o i n t  a t  200 f t   a l t i t u d e  
and 1 4 0 0  f t  from  the runway. From the re  the  approach  w a s  f lown v isua l ly .  
A number of approaches using the Omnitrac computer with VOR/DME and 
a l t i t u d e  i n p u t s  were a l so   f lown  on   ins t ruments  down t o  touchdown. I n  a 
f l i gh t  p ro f i l e  sugges t ed  fo r  an  improved  STOL, t h e  d e s c e n t  i s  i n i t i a t e d  
a t  about  2 2  n.m. f r o m  t h e  a i r p o r t .  A speed  of 250 n.m. i s  assumed down 
t o  w h e r e  t h e  f i n a l  d e c e n t  starts a t  2000 f t  a l t i t u d e ,  and  2.3 n.m. from 
t h e  a i r p o r t .  The f ina l   approach   speed  i s  7 5  k t .  
Reference [IO] s u g g e s t s  t h a t  a PVOR co loca ted  wi th  a DME i n s t a l l e d  
a t  t h e  STOL or VTOL ports  could be used for  approach down t o  t h e  p o i n t  
where  v isua l  contac t  can  be  made. Because  of  the  l ine  of  s igh t  charac-  
teristics of  the  VOR/DME system, some r e g i o n s  i n  t h e  m e t r o p o l i t a n  a r e a  
can  have  unusable VOR r ecep t ion  cond i t ions .  Some a i r p o r t s  a r e  e q u i p p e d  
wi th   t e rmina l  VOR/DME s t a t i o n s ,  and a few  have i n s t a l l e d  PVOR. Accor- 
ding t o  t h e  F l i g h t  I n s p e c t i o n  Manual [251 ,  the  te rmina l  VOR/DME should 
have a minimum range  of 25 n.m. The approach  r ad ia l  i s  evaluated  f rom 
1 5  n.m. inbound t o  a point  where  missed  approach i s  executed.  (The 
missed  approach  radial  i s  a l s o  e v a l u a t e d  r e g u l a r l y . )  The same t o l e r a n c e s  
on  the  t e rmina l  VOR and DME a c c u r a c i e s  as f o r  t h e  e n r o u t e  VOR/DME system 
are s p e c i f i e d .  Some a i r p o r t s  s u i t a b l e  f o r  V/STOL are not  equipped  wi th  
VOR/DME f a c i l i t i e s ,  b u t  w i l l  be  covered by nearby VORTAC s t a t i o n s .  FAA 
w i l l  propose RNAV instrument approach procedures [ll] t o  pe rmi t  u se  o f  
a d d i t i o n a l  runways  under  higher  landings  minima.  Measurements w i l l  be 
made t o  a s s u r e  good VOR/DME s igna l  cove rage  f rom the  f ina l  approach  f ix  
t o  t h e  minimum d e s c e n t   a l t i t u d e .  The combined FtNAV e r ro r s   shou ld   be  
less than 0.85 n.m. a t  10 n.m. range from the VORTAC s t a t i o n .  
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4.1  Results from  Simulations and  Demonstration 
The approach  phase  has  been  simulated  in  reference 1161 using 
different  sensors  with an INS as  inputs  to a Kalman  filter.  Assuming 
perfect  velocity  information and a VOR  with 2' (20) bias  and 2' (2a) 
random  component, it took 60 seconds to reduce the  initial  error  of 2 
n.m. to 0.13 n.m. with 1 sample per  second.  After 2 0 0  seconds  the  error 
was reduced to 80 ft. Perfect velocity  information  and  DME  with 0.1 n.m. 
(20) gave a reduction  from 2 n.m.  to 2 0 0  ft in  100  seconds. As a con- 
clusion it was stated  that  the  smoothing of  VOR/DME  data  using a 10  se- 
cond  sampling  time  interval  gives  accuracies  nearly  equal  to  that  required 
of a Category 1 localizer. 
In  the  simulation  of  the  cross-range  position  determination  system, 
1151 , (model  mentioned  in  paragraph 3.4.6 )the  cross-track  error 
during  approach was found  equal  to 0.1 n.m.  for  the  mean  value  and  0.07 
n.m. for  the  standard  deviation. 
Evaluation of  the  approaches  made  by  Eastern  [13] shows that  the 
VOR/DME errors  during  final  approach  were  less  than in  the  terminal  area. 
This  was  probably  due  to  the  shorter  distance  to  the  VOR  station.  When 
using  the  VOR/DME  as  an input to  the Gmnitrac  computer,  the  errors  were 
comparable  with  the  errors  experienced  when  using  Decca as  n  input. 
With a 90%  confidence  level  the  following  approximate  standard  deviations 
of the  cross  range  errors were,found: 
I 
At 2 0 0  ft altitude: 350-750 ft 
At  100 ft altitude: 300-900  ft 
At  touchdown: 190-600  ft 
Along  runway  centerline: 470-660 ft 
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4 . 2  VOR/DM?Z E r r o r  Model f o r  _- t h e  ~. - Approach . ... - -~ Phase - -
Because the e r r o r  t o l e r a n c e s  s p e c i f i e d  f o r  t h e  VOR and DME 
are t h e  same f o r  t h e  t e r m i n a l  VOR/DME s t a t i o n  as f o r  t h e  rest of  the  . 
network and because the sites and t e r r a i n  e f f e c t s  s h o u l d  b e  e x p e c t e d  t o  
be simular o r  i n  some cases worse because of the presence of towers and 
hangars ,  the  same e r r o r  model as descr ibed in  paragraphs 3.4 and 3.5.2 
can  be  used. The te rmina l  VOR/DME s t a t i o n  c a n  b e  r e g a r d e d  a s  p a r t  of 
the   ne twork ,   paragraph   3 .4 .5   o r   descr ibed   as   in   paragraph  3 . 4 . 4 .  Using 
the  f igu res  fo r  t he  p roposed  advanced  STOL, [ 1 3 ] ,  t he  t e rmina l  VOR/DME 
s t a t i o n  w i l l  be  used  for  5 - 9 m i n u t e s ,  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  
t h e  time each VORTAC s t a t i o n  is used  while   enroute .  The obtained  ac-  
curacy w i l l  be  bet ter ,  however ,  because the terminal  VOR s t a t i o n  w i l l  
be used from a d is tance  of  about  15-25  n.m. t o  a f i n a l  d e c i s i o n  h e i g h t  
a t  a range  of  about 0 . 2 3  n.m. The VOR r . m . s .  e r r o r  w i l l  then  be  reduced 
from  about  0.5 n.m. down t o  300 f t ,  w h i l e  t h e  DME e r ro r  shou ld  be  840 f t  
r . m . s .  independent of r ange .   These   f i gu res   i nd ica t e   t ha t   t he t a - rho   nav i -  
g a t i o n  would g i v e  less e r r o r  t h a n  t h e  more complicated rho-rho system 
in  the  approach  phase  where  the  accu racy  r equ i r emen t s  a re  g rea t e s t .  If 
an adequate  updat ing of  the I N S  i s  p o s s i b l e  d u r i n g  t h e  r e l a t i v e l y  s h o r t  
f ina l  approach  (2-3  minutes  ) the  the ta - rho  sys tem would a l s o  b e  p r e f e r r e d  
because of the improved accuracy. 
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